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CORRIGENDA 

Page no, heading of third column of figure ii, for “64” read “35” days, 
and for “22” read “18” generations. 

Page no, beading of fourth column of figure n, for “35” read “23” days, 
and for “18” read “15” generations. 

Page 146, line 10, section “5” should be numbered "4”. 

Page 146, line 9 from below, section “6” should be numbered “5”. 

Page 147, line 22, section “7” should be numbered “6.” 

Page 210, line 29, for “D',” read “D's” 



CORRIGENDA (Continued) 


Page 210, line 30, for read 

Page 215, last line of table 6, under 3 and 4, of single crossovers, for ‘‘29’’ 
and ‘^436^^ read “22” and “443’’. 

Page 236, first section of table 8, number of non-crossovers, for ‘^4664^’ 
read ‘‘4644”, and in last section of table 8, total for ^‘8167’’ read 
‘‘8147”. 

Page 242, insert, table A, reference number 1350, under heading 4, 6, for 
read “ i 2”; reference number 1351, under heading i, 6, for 
1” read 2’*; and under heading 4, 6, for 2” read 
reference number 1368, total, for ^‘243’' read '^241’’; reference 
number 1369, under heading i, 3, for read i’’; reference 
number 1415, under heading 3, 6, for i read and under 

heading 4, 6, for read reference number 1417, under 

heading 3,6, for read er and under heading 4,6, for 

read reference number 1426, under heading 2, 3, 6, 

for 2” read reference number 1427, under heading 2,3,6, 

for P read 1”; reference number 1429, under heading 3, 6, 
for‘^ read^^ 2’\ 

rage 243, table I), heading, for “ i ^ad “ 9 

Page 243, table D, reference number 740, under heading 4, for ‘'26 28’’ 
read ‘‘26 18”; reference number 754, number headings i, 3 to 
3, 4, inclusive, for . . | . .| . .j • -I • il” read i|i.|i.| 

. 2 p’, and total, for “45’’ read “165’^; reference number 756, 
underheadings 1, 3t03,4,inclusive, for ‘^1 1 .|i ij i .|i .|. 2p’ read 
‘‘I . . I . . I . . I . . I p’, and under total, for ‘‘238” read “118”; 
reference number 763, under heading 2, 3, for P read P^ 
and under total, for ‘^171’’ read ^‘172’^; reference number 791, 
under total, for '‘164’’ read ‘‘172”; reference number 905, under 
heading i, 3, for ^'2 3’’ read ‘'2 P ^ and under total, for ^'212’^ 
read ‘‘209’’. 

Page 244, table D, reference number 934, for data under headings, o to 
2, 4, inclusive, substitute “ 1 ^9 17 1 i 4 1 . 3 Is i 1 4 4 . 1 i . 

. . I I I I”, and under total, for “67^' read “61”. 

Page 245, table D, reference number 1133, under headings i to ,2 4 in- 
elusive', for “] 17 12 ] ii 10 ] 16 13 j 31 31 I3 . 1 3 3 | 3 3 |. .[ 5 4!”, 
read “[ 7 12 1 10 10 | 16 13 | 21 31 | 2 . ] 5 . 1 5 i ] . . [ 3 6 j”, and 
under total for “337” read “314”. 
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Page 246, tabic D, reference number 1233, under heading 3, for “3 6” read 
“3 10”; reference number 1243, under heading i, 2, 3, for 
read i”; reference number 1247, under heading 1,4, for 4’’ 
read “i 4”; reference number 1259, under total, for “72” read 
“82”. 

Page 288, footnote, insert between first and second line, “...dominant 
character dichaete D. Flies showing the vortex characters are . . 
Page 425, table 2, last line, under chromosome number, for “o” read “10”. 
Page 458, for “Ewart” read “Ewert”. 

Page 490, line i, for “factor” read “feature”. 

Page 490, line 19, exponent of e, for “ — — i-L-Z. read 

« _ — 2p xy + 

2<r* (1-p*) 

Page 492, line 6 below table i, for “log, ^ — - ” read “log ^ " ”. 

1 — r I — r 

Page 496, line 2 below table 3, for “phase” read “factor”. 

Page 497, line 8, for “.8300” read “.8333”. 

Page 497, line 15, for “t = (3 + cj A)” read “I = - (2 + Cj + ct A)”. 

4 4 

Page 497, line 22, for “t = 3 f— - — ^ ” read 

2i+m (i+p)* 

“/ = 2 / _ I „ 

Page 497, line 23, for “.818” read “.757”. 

Page 497, line 26, for “/ = 3/ - 3/2 /> - 1/2 p” read “/ = 2/ - -J- /> - ^ p.” 
Page 497, line 29, for “ .825” read “.744.” 

Page 497, line 30, insert “not,” before the word “extremely.” 

Page 499, citation of Hkrtwig, for “derzietigen” read “derzeitigen”. 
Page 512, line 13, for “sygotic”, read “zygotic”. 

Pa'S® S3S> 3 from bottom, for “Fagapyrum" read “ Fagopyrwn” . 

Page 560, line i, for “Lehman,” read “Lehmann”. 

Page 588, heading of table i, for “508” read “538”. 

Page 599, line 30, for “Baily” read “Bailey”. 

Page 601, table i, line 2 under “Mating”, for "ee 9 X Ee^ o’” read 
“Ee* 9 X ee o’.” 



FRONTISPIECE— HUGO DE .VRIES 

Hugo de Vries was born at Haarlem, Holland, February i6, 1848. He 
attended the Latin school in his native city and in 's Gravenhage until 1866, 
when he entered the University of Leiden. From this University he received 
his doctorate October 6, 1870, defending a thesis entitled ‘^The influence of heat 
on life phenomena in plants. ’’ After finishing his course at Leiden he entered 
successively the University of Heidelberg and the University of Wurzburg 
in order to continue his studies under the great Masters, Hofmeister and Sachs. 

From 1871 to 1875 he was Instructor in Natural History at the Hoogere 
Burgerschool, and at the Handelschool of Amsterdam. He then accepted 
an appointment from the Department of Agriculture of Germany to prepare 
monographs of some of the larger agricultural crops. Three of these were pub- 
lished, dealing with red clover, beets, and potatoes. This work was done at 
Wurzburg and Halle. In the latter place he became Privat-Docent in the Depart- 
ment of Botany, whose Head was the celebrated plant pathologist, Julius KUhn. 
It was here and at Wurzburg that he developed the plasmolytic method for the 
study of plant growth, by which it is possible to measure the amount of increase 
in size due to turgidity of the cells, as distinct from the permanent elongation 
of the cell walls. In 1877 he returned to Amsterdam as Lecturer in Plant 
Physiology, and was appointed Professor Extraordinarius the following year and 
Ordinarius in 1880. On September 16, 1918, he retired after a service of exactly 
forty years, and has constructed for himself at Lunteren, Holland, a small green- 
house, and has developed an experimental garden in which he is continuing his 
genetical studies with the evening primroses. 

During the early years of his work at the University of Amsterdam he 
devoted himself to studies of osmotic pressure in plants, and discovered the iso- 
tonic coefficients of salt and other solutions, on which, shortly afterward, van^t 
Hoff based his well known law that dilute solutions are subject to the same laws 
as gases. These coefficients made it possible to determine osmotic pressure in 
living cells, expressed in atmospheres, and to estimate the part each constituent 
in the cell sap takes in producing this pressure. 

Besides these fundamental physiological investigations he began almost im- 
mediately the studies on heredity, which have served to bring this subject, which 
was then of wholly comparative and speculative nature, into the domain of 
experimental investigation. 

In 1899 he published a criticism of Darwin’s provisional hypothesis of pan- 
genesis, in a book entitled ^‘Intracellular pangenesis,” which has been translated 
into English by C. Stuart Gager. He developed at the University of Am- 
sterdam an experimental garden which was one of the first of its kind, if not the 
first, in existence, and in this garden he developed races of various plants charac- 
terized by fasciations, torsions, pitchere4 leaves, and other anomalies, whose 
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heredity had not been previously studied. Here also he conducted the extensive 
Oenothera cultures whose behavior led to the formulation of the Mutation 
Theory. The foundation of these cultures was laid in 1879 by the discovery of 
Oenothera Lamar ckiana and two of its derivatives growing in a field at Hilversum, 
Holland. From that time until now he has continued his studies of this curious 
plant with great zeal, and in recent years has been joined in the work by a large 
number of investigators in different countries. 

In 1901 and 1903 appeared the two volumes of “Die Mutationstheorie, ” 
which along with the re-discovery in 1900 of Mendel^s principles of heredity, 
mark the beginning of a new era in biological science. 

In 1904 he accepted an invitation from the University of California to 
deliver a course of lectures in its Summer School. These lectures were pub- 
lished soon after, under the title “ Species and varieties; their origin by mutation. ’’ 
His first address on arriving in America was delivered at the opening exercises 
of the Carnegie Institution’s Station for Experimental Evolution, on 
June II, 1904. In 1906 he again participated in the work of the Summer Session 
of the University of California, and published his lectures in a small volume 
entitled “Plant breeding. ” He also lectured in many other American Universi- 
ties. His third and latest visit to America took place in 1912, when he delivered 
one of the invitation addresses at the opening of the Rice Institute, Houston, 
Texas. On this visit, accompanied by H. H. Bartlett, he explored a portion 
of Alabama in search of large-flowered Oentheras, and also visited Columbia 
University, where he was much impressed with the experiments of T. H. Morgan 
and the cytological studies of E. B. Wilson. Since that time he has given much 
attention to applying the principles discovered by Morgan and Wilson to his 
genetical results in the Oenotheras, especially with respect to the occurrence of 
lethal factors. 

On February 16, 1918, he celebrated his 70th birthday, both at Amsterdam 
and at Lunteren, and was honored by an arrangement to republish in seven 
large volumes all his contributions to Dutch, German, American and other 
scientific journals. This work is entitled Opera e periodicis collata,” On 
June 13, 1918, he delivered his last lecture as Professor of Botany in the 
University of Amsterdam, on the subject “From amoeba to man.” 

It has seemed peculiarly fitting therefore to present this portrait of Hugo de 
Vries to readers of Genetics at this time. The photograph reproduced here 
was taken by Elliott & Fry, Ltd., London, on the occasion of the Darwin Cen- 
tennial Celebration in 1909. It is copyrighted by the Photographers, from 
whom the right to publish here has been purchased. 

The reproduction of this portrait of Professor de Vries is made possible by 
a gift from Dr. Liberty Hyde Bailey, who was for many years Director of the 
New York State College of Agriculture at Cornell University and 
who is Author and Editor of many important wo^ks on horticulture and agricul- 
ture including such works of special interest to geneticists as ‘‘Plant breeding,” 
“Survival of the unlike,” “Evolution of our native fruits,” etc. In the title 
of the first-mentioned of these works (first published in 1895) believed that 
the expression ^‘plant breeding” was first used. 
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INTRODUCTION 


This paper forms a report on certain phases of a'^setres of investiga- 
tions in wheat breeding under the supervision df 'the writer, in the De- 
partment of Plant Breeding of the Arizona Agricultural, Experi- 
ment Station. The work was initiated by the j^i^ng of a number of 
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crosses between an Algerian white macaroni wheat, an Alj 
rian red bread wheat and two local white bread wheats, Early Baart a 
Sonora. The original hybridizations were made at Yuma, Arizona, 
the spring of 1913, the F, wtis grown at Tucson in 1913-T4 and the h. 
and Fa on the experimental farm at Yuma in 1915, 1916, respective!" 
The data concerning time relations, width of leaf, height, rust resistase 
etc., were, of course, taken in the field. At the time of ripenit^ 
heads of each plant were harvested and placed together in a pap'^^.®’ 
care being takep to label each bag so that it could be complete^ 
fied. All other data were taken in the laboratory of the Depar^j^^^ 

Plant Breeding at the University of Arizona at Tucson. TEj.g 
tion and analysis of this data begun some months earlier, has^tation. ” 
tinned throughout the present year by the writer while oiv exercises 
leave from the University of Arizona. The writer hercfcnoN, on 
pressly to thank the officers and management of the Bussey iner Session 
for laboratory and library facilities throughout the year volume 
Dr. E. M. East for many valuable criticisms and suggesi?®^^ Universi- 
wishes to recall with appreciation the assistance rende'cd b^'^M'ri’DoN- 
ALD F. Jones who made the original crosses, by Mr. Leonhardt 
Swingle to whose careful and accurate work may be credited a large 
proportion of the field and laboratory notes of the second generation, 
and finally, by Mr. W. E. Bryan in his efficient assistance with the field 
and laboratory notes for the third generation. 

Since the re-discovery and publication o^ Mendel’s original papers, 
the question of paramount interest amon|; geneticists and plant and 
animal breeders has been that as to whrther or not the principles in- 
.^volved in the discoveries of Mendel afe of limited or universal appli- 
it cation. Practically all real progress ip the study of heredity has arisen 
ffirough experiments and observations designed to test the validity and 
universality of Mendel’s laws. 

At the present time, the inheritance of a large number of characters, 
including those both of a qualitative and quantitative nature, in a wide 
series of both plants and animals, are almost universally considered to 
be best explained by the Mendelian hypothesis. These include all char- 
acters which in the Fj and subsequent generations, show definite, discon- 
tinuous segregation. Most of the cases of peculiar and unusual radios 
i have been satisfactorilyrexplained as due to multiple factors, lethal faci- 
\ tors, gametic coupling gametic selection, partial sterility, etc. 

\ There are cases, Ijbwever, which admit of explanation by hypotheses 
\ other than those ^sed upon Mendelian principles. Examples may be 
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tited among characters which may be ejxpressed quantitatively. In many 
such cases the is more or less intermediate between the parents, and 
the Fa and subsequent generations show segregation, but such segrega- 
tion as does occur is perfectly continuous. Where a sufficiently large 
number of variants are grown, there is found every degree of size from 
the lowest to the highest extreme of the hybrid distribution. The ex- 
tremes of this distribution may or may not reach or extend beyond the 
. extremes of the parental races. 

There are some geneticists who believe that such a type of inheritance 
is not Mendelian. They advocate the application of the Mendelian prin- 
ciples in many cases, but maintain that we have no proof that Mendelism 
is universal and that cases such as those described above may be just as 
easily explained by assumptions other than those of gametic purity and 
unchanged segregation. 

The literature on the subject of the inheritance of quantitative char- 
acters has been collected by Shull (1914) and MacDowell (1914), 
and has been summarized with excellent clearness by these writers. It 
is therefore not necessary to re-sumniarize these earlier papers. The 
results of original research bearing upon the inheritance of quantitative 
characters which have appeared since Shull’s and MacDowell’s sum- 
maries may now be reviewed briefly. 

Nilsson-Eiile (1914) shows a genetic linkage between a factor for 
yellow glume color and an inhibitor which shortens beard length in oats. 

Phillips (1914) crossed Rouen and Mallard ducks which differ 
greatly in size. The Fj was intermediate in size between the parents and 
not more variable than the most variable parent. The Fg, while still in- 
termediate in average size, was markedly more variable than either the 
Fi or the parents. - 

PuNNETT and Bailey (1914) in crosses of bantam with larger breeds 
of fowl found the Fi intermediate and the Fo highly variable, transgress- 
ing the extremes of both parents. Small F2 fowl bred together gave 
an F3 all of small size ; large F2 individuals bred inter se produced alto- 
gether large offspring. The F3 obtained by mating intermediate Fg in- 
dividuals was highly variable. They interpret the results as being due 
to the segregation of Mendelian unit factors and give a factorial scheme 
to account for the phenomena observed. 

Hayes and East (1915) crossed flour corn with a flint variety and 
found that the endosperm character was determined by the mother only, 
although it was proved that endosperm character, first visible in the next 
generation could be inherited through the pollen. The authors conclude 
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that this behavior is due to the fact that the endosperm is produced from 
a union between two female polar nuclei and one male cell and that the 
presence of two factors dominates one in either the direction of starchy 
or flinty endosperm. In other flint-starchy crosses, the ratios were not 
so definite, due possibly to the difficulty of 'classifying the seed. It was 
thought, however, that the same principles were involved as in the pre- 
vious crosses. Crosses involving grains of different shape were made 
between rice pop corn, pearl pop corn and a dent corn. The results of 
these experiments indicated that several factors were involved which 
segregated in a Mendelian fashion in the Fo and F^. Parental types 
when once recovered bred true. 

East (1916 a) records the crossing of Nicotiana Langsdorffii and 
N. alata which differ markedly in corolla length. The F^ was inter- 
mediate and no more variable than the more variable parent. The Fg 
also had an intermediate average but the variability was much higher 
than in the Fj. There was a wide range in the variability of the dif- 
ferent Fg races but they were all lower than in F2. He showed by 
Fg pedigrees that segregation had occurred in Fo but did not attempt to 
determine the number of factors. 

East (1916 b) in a second paper reports the results of crossing a 
variety of Nicotiana longiflora having the corolla about 93 mm long 
with another variety of the same species having a corolla length of 
about 40 mm. He carried the study through the first, second, third, and 
in a few races as far as the fourth generation, with sufficient numbers 
to calculate the coefficients of variation in the separate races. The 
author lays down eight conditions w^hich he assumes the data must ful- 
fill in order to be interpreted as complying with the conditions of Men- 
delian inheritance. Tables and distributions with the calculated con- 
stants are given in detail and the conclusions are that no single phenome- 
non has occurred which cannot be interpreted as Mendelian. 

Phillips (1915) after a study of the results of color inheritance in 
various duck crosses and pheasant crosses says that ^‘it is almost certain 
that the ordinary subspecies of the ornithologist is very far from being 
a unit variation.'* 

Since the work of Johannsen on the effect of selection in beans, there 
has been no similar work with plants which can compare in volume and 
significance with that of Fruwirth (1915). Fruwirth followed the 
system of pure line selection as practiced by Johannsen. Choosing a 
variety of Lens esculenta with flecked seed, he endeavored through se- 
lection to bring about greater flecking on the one hand and the diminu-r 
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tion of the flecks on the other. After 13 generations he had made no 
progress in either direction. Chevrier beans {Phaseolus vtUgaris) pro- 
duce seeds which, for the most part, have seed coats of a slightly green- 
ish color rather than creamy white but a few seeds are white on one or 
both sides. It was attempted, through selection within a pure line, to 
secure complete inheritance of the green type. Though carried out for 
14 generations no change was produced. In a race of vetch which pro- 
duced both green and cream-colored seeds on the same plant, he tried 
for 10 generations to fix the green coloration by selection but made no 
progress. Likewise two years selection of yellow seed made no progress 
in the direction of fixing the type. In a Victoria pea variety with yellow- 
ish green and yellow seed three years of selection was without effect. 
In a variety of Soja bean having lighter and darker brown seed, three 
years of selection could make no progress in either direction of darker 
or lighter seed coats. In a certain variety of Pisuni arvense the seeds 
are variable in color. They may be pure yellowish green, or yellowish 
green with violet flecks or bands, or the violet color may be so extended 
as to leave the yellowish green appearing only as flecks, or finally the 
violet color may prevail altogether. Fruwirth endeavored by selec- 
tion to increase the amount of violet color in the seeds on the one hand 
and to reduce it on the other. In the selection for more violet color in 
the seed coats, 10 generations produced no results. The results of the 
selection in the opiX)site direction can best be given in Fruwirth’s own 
words as follows (Fruwirth 1915, p. 200) : 

‘Tn beiden Joiiannsen’schen Linien i und A ist die Anlage zur 
Aiisbildung violette Farbe der Samenschale vorhanden, die Anlage ist 
aber stark modifikabel und ausserdem sind beide Linien geneigt spontan 
Zweige abzuspalten, in welchen diese Anlage ihre Wirksamkeit ganz (in 
I die Zweige II von Ernte 1909, und IV von 1910 Ernte) oder fast 
ganz (in I der Zweig III der von Ernte 1908 abgeht und die Auslese A) 
eingebiisst hat. Eine Neigung rein violettsamige Zweige abzuspalten, 
besteht nicht.'’ 

‘Tn beiden Joiiannsen’schen Linien ist die Anlage zur Ausbildung 
violette Farbe in der Hiilsenschale vorhanden, und zwar ist die Anlage — 
sowie jene violetter Farbe der Samenschale — stark modifikabel. In 
beiden Linien ist die Neigung vorhanden, spontan Zweige abzuspalten, 
in welchen die Wirkung der Anlage durchschlagend, ohne Modification 
auftritt, so dass dann nur violette Hiilsen gebildet werden. Violette 
Farbung der Samenschale ist ganz unabhangig von violetter Farbung 
der Hiilsenschale.’' 

‘^Auslese nach griiner Farbe der unreifen Hiilse ist wirkungslos, Aus- 
lese nach violetter Farbe derselben nur dann — und dann sofort — von einer 
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Wirkung begleitet, wenn spontan ein violetthiilsiger Zweig abgespaltet 
worden ist.” 

In a selection carried out upon a variety of lupine {Lens esculenta) 
having mottled seed, Fruwirth sought by selection to produce both 
dark- and light-seeded strains. Six years selection in one direction and 
eight years in the other produced some divergence in the selected lines 
but was not effective in producing either self-colored dark- or light- 
seeded races. 

In a variety of vetch which normally produced either greenish or 
cream-colored seed (see selection experiment described above) after five 
generations of self-fertilization, there appeared in the harvest of 1910, 
2 plants having mottled seeds. In 1912 after 7 generations of self- 
fertilization and selection the same line produced 4 plants having mottled 
seeds. Finally, “trat diese Variation auch als Variation einer ganzen 
Pflanze bei 5 Individuen der Ernte 1910 auf, nach 9 Generationen aus 
Selbstbefruchtung, fiinf in der Linie, vier wahrend der vorangegangen- 
en Massenauslese.” All mottled seed bred true. 

In selection work with Soja beans one or two spontaneous variations 
were observed. All effects of selection (from a mass lot), however, 
were produced in the first year. The spontaneous origin of a white- 
flowered vetch is also noted. 

White mustard {Sinaffis alba) with which Fruwirth worked, pro- 
duces both yellow and brown seed. After eight years of selection of 
clpse-fertilized seed, he was unable to fix the type or even materially to 
diverge the tendency in one direction or the other. 

In extensive selection experiments with oats which for some charac- 
ters were carried through ten generations he decides that selection within 
pure lines is without effect. 

Fruwirth (1915, p. 450) finally sums up by saying: 

“Bei einer Reihe von ausseren Eigenschaften zeigte sich durchweg, 
dass in einer Johannsen’schen Linie bestimmt gerichtete Auslese auch 
bei Fortsetzung durch eine grossere Zahl \ on Generationen keine Ande- 
rung des Liniencharakters mit sich bringt.” 

Macdowell (1915) has reported the results of selection experiments 
upon a race of Drosophila which possessed more than the normal 4 
bristles on the thorax. The average number of bristles increased for 
6 generations of selection. The same selection was carried on for 5 
more generations without additional effect. The author concluded that 
there were several accessory factors limiting extra bristles which were 
gradually eliminated by selection. MacDowell has also shown a very 
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Strong correlation of extra bristles with body size. The present writer 
strongly suspects that the real factors here concerned were size factors 
and that MacDowell’s extra bristle selection was merely an indirect 
means of selecting for larger size. 

The paper by Yuzo Hoshino (1915) on the flowering time of peas 
and rice has been the subject of much interesting recent comment. 
Hoshino crossed early- and late-blooming varieties of peas. He found 
that the variation behaviors of the Fj, Fg, Fg and F4 races (detailed 
distributions of which are given) could for the most part be interpreted 
by assuming the Mendelian segregation of two allelomorphic pairs, A 
and a, which determined early- and late-blooming respectively and two 
modifiers B and fc. Those variation behaviors which could not be ex- 
plained by these factors, he supposed to have been caused by a ‘‘con- 
tamination” of genes. What he means by contamination of genes is 
not clear for he distinctly states that he does not refer to such a con- 
tamination as is assumed by Castle in rodent crosses. He suggests 
“secondary factors.” This is the same as assuming additional factors 
of secondary importance such as are assumed by Nilsson-Ehle ir\ the 
report of his cow/^acffWi^-squarehead-Landweizen wheat crosses. 

Hoshino has also shown a gametic coupling of early-blooming with 
white flowers and late-blooming with red flowers. This coupling is 
broken (by physiological interference or crossing over) approximately 
I time in 7, 

In crossing early- with late-shooting rice varieties he finds the Fj in- 
termediate, the F2 showing strong segregation. The behavior of the 
Fg and F4 races were such as would be normally expected of segregat- 
ing Mendelian factors. 

Castle (1917) has re-stated certain data and conclusions previously 
published (Castle 1912, pp. 163-168). In crossing + variants of hood- 
ed rats with wild rats he found that “wild” was dominant in Fg and that 
the hooded extractives of the F2 were often higher in hood grade than 
were their hooded grandparents. In crossing “mutant” hooded rats (a 
race which suddenly appeared with a very high + hooded condition) with 
wild rats, the F^ was of the wild type but the hooded extractives of the 
Fg did not drop lower than the range of the original “mutant” race. 
Castle concludes that these facts cannot be interpreted as Mendelian 
and must be explained as the results of changes in a single unit factor. 

The present paper is offered as the first in a series of further con- 
tributions to the knowledge of the inheritance of quantitative characters. 
Wheat has proved an especially favorable subject for such an experi- 
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ment inasmuch as its small size renders feasible the production of large 
numbers without prohibitive expense and the fact that it is close-pollin- 
ated greatly simplifies the genetic analysis of the Fj and subsequent gen- 
erations. 

The characters here studied are the date of the appearance of the first 
head on each plant, the total height of the plants measured in centimeters 
from the ground to the top of the tallest head (not including beards) 
and the width of the broadest leaf. 

MATERIAL AND METHODS 

A brief description of the four varieties of wheat used may be given 
as follows: 

Algerian macaroni (No. i) 

Late, tall; stems large, stiff; leaves broad, dark green, medium width; 
heads large, cylindrical, flattened, long; glumes bearded, pubescent, 
light straw yellow; grain large, mostly translucent light amber, 
and very hard, but with some grains having spots of opaque starch 
. in the endosperm. Originally obtained from R. Marie, Algiers, 
Algeria. 

Algerian red bread (No. 5) 

Late, tall; stem medium in size; leaves medium in width and color; 
heads medium size, square; glumes bearded, smooth, light straw 
yellow ; grain red, medium soft, opaque. Originally obtained from 
R. Marie, Algiers, Algeria. 

Early Baart (No. 34) 

Early, low ; stem medium in size ; leaves medium width, medium green ; 
heads medium size, square; glumes bearded, smooth, light straw 
yellow; grain white, medium soft, medium size, opaque. Origin- 
ally obtained locally. 

Sonora (No. 33) 

Early, low ; stem medium in size ; leaves broad, light green ; heads cylin- 
drical, square, medium size; glumes beardless, pubescent, reddish 
brown; grain white, opaque. Soft. Originally obtained locally. 

All planting was done with a nursery row machine by which each 
grain was covered 2 inches deep and spaced 3 inches in rows 10 inches 
apart. There were fifty hills in each row. Strips of barley were planted 
on either side of the plot in order that the end plants should not have 
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more space than those within the plots. All plants of the pure varieties 
grown in 1914 were from mother plants which were selected from the 
1913 general mass cultures as true to the types of their respective varie- 
ties. Of these selected 1913 plants there were 14 of macaroni (No, i), 
3 Algerian red bread wheat (No. 3), and 5 early Baart. The head rec- 
ords for Sonora (No. 35) in 1914 came from 12 typical heads of this 
variety selected from a mass culture. In 1915, of the 9 nursery rows 
of pure macaroni (No. 1), 6 were plant rows from the previous year’s 
culture and 3 were from a mixture of seeds resulting from threshing 
together a number of typical heads of this variety selected from a field 
culture. The 3 nursery rows of No. 35, i of No. 3 and i of No. 34 were 
plant rows from the previous year’s harvest. In 1916, 5 of the nursery 
rows of No. I came from a single mother plant in 1915 (No. 52-4-1-4) 
and the remaining 2 from a single other 1915 mother plant (No. 3-12- 
1-5). The 5 nur.sery rows of each of the other varieties originated from 
single plants in 1915 as follows: No. 35 from No. 35-11-1-4; No. 3 
from No. 32-2-38; No. 34 from No. 1-13-3-1-24. In all of the discus- 
sions, the word culture is used in the sense of a group of plants, grown 
in a single nursery row and originating from a single mother plant of 
the previous season. This applies alike to the pure varieties and hy- 
brids. The exception in the case of the 3 nursery rows of mass-selected 
macaroni, grown in 1915, has been noted. The expression ‘'pure race” is 
often used to distinguish plants belonging to one of the parental varie- 
ties from those of hybrid origin. 

The statistical methods used in these investigations were those com- 
monly employed by biometricians. The constants used were the arith- 
metical mean, standard deviation and coefficient of variation. The 
means were calculated to the nearest unit employed in the taking of 
the original data. The standard deviations were calculated from the 
mean class as a mean, i.e,, with the middle of the mean class as the 
assumed mean, no correction being made for the true mean. This was 
considered sufficiently accurate in view of the fact that different plant 
rows of the same pure race (pure line originating from a single mother 
plant) often showed more difference in standard deviation in the same 
season than could possibly arise from failure to correct for the true 
mean. An example will suffice. All of the plantings of pure No. 3 
(Algerian red bread) arose from the seeds of a single plant in 1914. In 
1916 there were 5 plant rows of this culture grown in different parts 
of the experimental plots for comparison with the various hybrids into 
which this culture entered. The data for height and the statistical con- 
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stants calculated therefrom by various methods are given below. The 
original measurements were made to the nearest centimeter and in the 
summation of the data the classes were made to include 5 cm with the 
middle points at 2.5 and 7.5, thus 62.5, 67.5, etc. 

Table i a 



♦ Not used in calculation of constants given in table i B. 


Table ib 

Statistical constants. 


Row 

No. 

Number of 
variants 

True 

mean 

(A) 

Mean used 
in the calcu- 
lation of (T 
used in the 
discussions 
(B) I 

Approxi- 1 
mate mean ! 
given in the! 
tables and 
discussions | 

Standard 
deviation 
calculated on 
(A) 

Standard 
deviation 
calculated on 
(B) 

losA 

44 

122.8s 

122.5 

123 ' 

6.4 I 

6.4 

lOsB 

49 

135.00 

137.5 1 

138 1 

7:0 ! 

7-3 

lOsC 

50 , 

137.40 

137.5 

138 : 

5.8 

5.8 

105D 

48 

129.50 

127.S 

128 

5.2 

5.5 

105E 

50 

138.50 

137.5 

138 : 

77 

77 

Averages 
and totals 

243 

132.65 

! 

132.5 

133 

8.5 

8.6 


Now the greatest difference in standard deviation arising from dif- 
ferent methods of calculating was .3 or about 3.5 percent of the average 
standard deviation, whereas the greatest difference between the different 
lines was 2.5 (that between 105D and 105E) or 29.4 percent, a little 
over eight times the error introduced by the different methods of calcu- 
lation. In view of such facts it was not considered worth while to waste 
time in accuracy of calculation which could not possibly add any sig- 
nificant value to the constants so obtained. 

Although the probable errors of a large proportion of the constants 
here given have been calculated they are not given in the text on ac- 
count of lack of space and the difficulty of placing them in compli- 
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cated tables of distribution, etc. In nearly every case, however, in which 
the reader is interested, the probable errors can readily be calculated 
from the data given. In the Fg hybrids most of the cultures had from 85 
to 95 individuals and in the F3, from 40 to 48. 

It has been necessary to devise some means of comparing the varia- 
bility of a series of hybrid races with their pure line parents, each of 
which may perhaps be grown in several different plant rows in different 
parts of the experimental plots. Moreover, if we accept high variability 
as a measure or indication of heterozygosity, it will be of interest to 
compare the variability of second generation hybrids with the third 
generation (Fg). In close-pollinated plants like wheat, as the average 
of heterozygosity certainly decreases from generation to generation, the 
average variability of plant populations (populations arising from single 
mother plants) should also decrease. This average increase in homozy- 
gosity with respect to any one character is, however, not uniform in all 
lines. The recombinations may be such that an Fg plant is just as hetero- 
zygous with respect to the factors governing height, for instance, as 
was its Fi parent and the same may be said of certain individuals in the 
comparison of the Fg plants with their Fg parents. We will therefore 
have some F2 plants just as heterozygous as their Fi parents that will 
give rise to cultures of Fa which are just as variable as were the Fg cul- 
tures, but the majority of the Fo plants will be less heterozygous than 
their Fi parents and will therefore give rise to F., cultures less variable 
than were the Fg cultures. Now since the quantitative characters con- 
cerned, as well as the variability of the same, are subject to environic 
modification (see behavior of pure lines in table i) there must be some 
means of comparing statistically the variability of the F3 cultures with 
the Fg cultures in order to demonstrate this general decrease of variabil- 
ity in the succeeding hybrid generations. 

Three methods are available as follows : 

(a) Throw all the cultures of a given generation into a single popu- 

lation and calculate the standard deviation of the same. 

(b) Superimpose the means of the several hybrid cultures, sum the 

equal deviations on each side of this mean and calculate 
therefrom a standard deviation for the whole series. 

(c) Calculate the standard deviation and coefficient of variation 

of each hybrid culture separately and show the average and 
distribution of these constants. 

These methods and the value of the constants so obtained will now 
be discussed in order: 
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(a) The standard deviation calculated by this method from a popu- 
lation consisting of several plant rows of a single pure line is always 
greater than the average of their standard deviations taken separately. 
This is caused not necessarily by differences in the standard deviations 
of the plant rows entering into the total population (these may be all 
identical) but by differences (environic) in the means of the several rows 
whereby the distribution of the population as a whole is much broad- 
ened. The distribution of this total population and the standard devi- 
ation derived from it are therefore measures of the total effects of the 
given different environments in modifying the character concerned. If 
now we are dealing with an F2 generation all of which originated from 
genetically equivalent Fi plants, part of the differences in the Fo plants 
would be due to environic effects and part to the effects of genetic re- 
combination. The distribution and standard deviation of a hybrid popu- 
lation calculated by method (a) would therefore give the total combined 
effect of environment and recombination in producing variability. When 
now w^e come to consider an F..j population arising from genetically 
unequal Fg plants we simply re-measure (if we plant all the seeds of 
all of the F2 plants or a sufficiently large random sample) the influence 
of the same factors as were measured in the F2, i.e., the sum of the 
effects of environment and all of the factors entering the cross from the 
original parents. We cover up the possibility of discovering any de- 
crease in the heterozygosity of the Fo plants since differences in the 
means of the F3 cultures, due to the genetically different parents, will 
have the same effect in broadening the distribution of the total popula- 
tion, as differences in the individuals of a single highly variable culture. 

(b) The method of superimposing the means introduces a small but 
unavoidable mathematical error where the standard deviation is used as 
a measure of the average variability of a number of separate cultures. 
It is well known, however, that where the means differ, the standard de- 
viation is not a good measure of comparative variability. In order to 
overcome this difficulty and obtain abstract numbers which may be com- 
pared, the coefficient of variation has been devised. This is the per- 
centage which the standard deviation is of the mean. It is therefore 
apparent that a given deviation from the mean Has more weight in the 
determination of the coefficient of variation when it is a deviation from 
a small mean than when it is a deviation from a large mean. When 
now we superimpose small means and large means we give equal values 
to deviations which are of unequal value in determining the coefficient 
of variation. Hence if our data have to do with cultures differing widely 
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in their means, where the coefficients of variability rather than the stan- 
dard deviation must be used in the comparison of variabilities, we are 
not justified mathematically either in averaging standard deviations or 
superimposing means. As a matter of fact, however, it may be said 
that the error introduced by this means is not large. Taken alone, how- 
ever, the method of superimposing the means has one serious fault. It 
covers up wide differences in the variability of different individual Fg 
cultures. For the purposes of genetic analysis it is necessary to know 
whether all of the F3 cultures have decreased in variability or whether this 
decrease is confined to the offspring of certain only of the Fg plants. 
It is therefore necessary to calculate the standard deviations and coeffi- 
cients of variation of each of the cultures separately. 

(c) Since, as just stated, a knowledge of the distribution of the coef- 
ficients of variation of a series of hybrid cultures is probably even more 
important than a single general expression of the average variability 
as a whole, method (c) which gives all of these details is usually to be 
preferred. 

In general the coefficient of variation was used as a measure of vari- 
ability. In time relations, however, this is difficult on account of the 
necessity of selecting arbitrarily some point from which to estimate the 
means. In the case of the date of first heading, if some date in March, 
say the first or fifteenth were chosen, it was feared that the differences 
in means would be so great as to unduly distort the coefficients of vari- 
ation. One may readily see that the later such a basal date be chosen 
the greater will be the distortion on this account. On the other hand, 
if the chosen date be moved backward, the various means, in compari- 
son with each other, approach unity, and the coefficient of variation be- 
comes then more and more dejxindent uix)n the size of the standard de- 
viation. Although all of the plots were planted within a i>eriod of 
seven days in the fall and all came up at approximately the same time, 
it would be questionable whether the total vegetative period would be 
the best basis of a determination of the variability of date of first head- 
ing on account of the fact that some strains were more active in winter 
than others and were therefore given unequal starts in the rapid vegeta- 
tive period of spring. In view of these difficulties it was decided to use 
the standard deviation (expressed in days) alone as the measure of 
variability in all time relations. 

In the studies on size relations, the coefficients of variation only are 
given. 

Where averages of a series of standard deviations are given, or 
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Standard deviations are calculated from artificial populations produced 
by superimposing the means of different races, such fact has been ex- 
pressly stated, but it must not be understood that the writer would infer 
that these are strictly comparable mathematically to an average of a 
series of coefficients of variability, for reasons already given. Rather 
than true arithmetical averages, such means should be considered as 
foci around which the distribution of the given series of constants (here 
standard deviations) cluster, and therefore form, as it were, a locus 
for thinking specifically. 


DATE OF FIRST HEAD 

The dates of the first head of the parents and the Fi plants in 1914 
were not taken. 

Macaroni X bread wheat crosses. Algerian macaroni (No. i) 

X Sonora (No. 55) 

In 1915, 3 pure races of No. 35, 9 pure races of No. i, and 37 cultures 
of (i X 35) F2, were grown at Yuma. The following results were 
obtained ; 


Table 2 a 

Date of first head in F. of cross i y. 35 and in the parent strains, 1915. 



Number of 
cultures 

Number of 
individuals 

Average dates! a of 

of first head ! population 

i 

Average cr 
of cultures 

Pure No. 35.., 

3 

168 

March 17 j 2.14 

1.66 

(i X 35 ) Fa.., 

37 

3546 

“ 27 4.00 

356 

Pure No. i . . . 

9 

650 

31 3.30 

. J .-37 


Table 2b 

Distribution of standard deviation of eultures. 

.75 I.2S 1.75 2.25 2.7s 3-25 375 4 - 2 S 475 5-25 575 
Pure“Sfo.~3S | i i i 

(I X 35) Fj I 2 7 12 5 8 2 1 

Pure No. i | i s 2 i 

The 37 hybrid cultures were from the seed of the 37 Fi plants secured 
in 1914 which were sown in plant rows in 1915. It should here be noted 
that the standard deviation of the whole population is markedly higher 
than the average standard deviation of the plant rows taken separately. 
This was also true of the pure races and can be attributed in part to the 
place variation of the different plant rows. Part of this difference may 
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also be due to slight differences in the genetic composition of the indi- 
viduals of the parental varieties used in the original cross. However, 
these individuals, although not all belonging to one pure line, in their 
respective varieties, were carefully selected as belonging to the type of 
the variety which they were to represent. The differences between the 
average standard deviation of the pure lines taken separately and of 
their respective populations is therefore an approximation of the error 
introduced by place varation (modification) and whatever genetic dif- 
ferences there might have been in the several individuals of the parental 
cultures. 

The greater variability of the hybrid cultures as compared with the 
parental varieties is in accordance with what would be expected from 
the recombination of genetic factors in the Fg generation. The mean of 
the hybrid cultures was 3 days later than the mean of the parents and 
4 days earlier than the late parent. The heading dates of both parents 
and of the F2 cultures may be summarized as follows: 


Table 3 

Date of first head in (i X SS) 1915. 



i 

March 







April 







Cultures 1 

15 

17 

19 

21 

23 

25 

27 

29 

31 

2 

I 4 

6 

^ 8 

10 

12 

14 

16 

18 

20 



16 

18 

20 

22 

24 

26 

28 

30 

I 

3 

5 

7 

9 

II 

13 

45 

17 

19 

21 

Pure No. 

35 

25 

8s 

47 

7 

4 















(I X 35) 

F 

4 

18 

74 

21 

403 

796 

306 

403 

266 

98 

86 

42 

17 

8 

I 

2 



I 

Pure No. 

I 






II 

78 

153 

132 

134 

!8i 

54 

\a 

2 






Pure ^To. 





Means of 

cultures. 










35.. 



2 

1 

1 















(i X 35) 

F 





I 

7 

17 

12 












Pure No. 

I 







I 

4 

I 


I 










From the 2546 Fg plants, 230 were selected and planted in plant rows 
at Yuma in the fall of 1915. These selections were, for the most part, 
based upon economic characters. However, the dates of first heading 
of the plants in the spring of 1915 varied from March 15 to April 9 
and thus furnished material for the study of the segregation of the 
factors relating to time of heading. 

For comparison of the parental varieties with these F3 hybrids, 7 
pure cultures of No. i and 5 pure cultures of No. 35 from plants selected 
as types from these same varieties of the previous year, were grown. The 
results may first be summarized as follows: 
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Table 4 

Date of first head in (i X 35 ) Pa, 19^6. 


Culture 

Number of 
cultures or 
plant rows 

Number of 
individuals 

Average date 
of first head 

a of total 
population 

Average a 
of culture 

Pure No. 35... 

5 

247 

March 25 

1.34 

1.27 

(I X 35 ) Fs... 

230 

9772 

April II 

6.24 

3.14 

Pure No. I 

7 

343 

April 15 

1.99 

.91 


Distribution of standard deviation. 


Culture 

.25 

.75 

125 

1.75 

|2.25 

2.75 

325 

3.75 

4.25 

4.75 

5-25 

5*75 

6.25 

VI 

7.25 

Pure No. 35 


3 

3 













(I X 35 ) F.) 

i| 

2 

9 

20 

38 

35 

45 

41 

17 

8 

9 

4 

I 


1 

Pure No. i 



i 

I 

1 I 












The increase in the variability of the F3 population of hybrids over 
the F2 population is striking and surprising. Knowing that only se- 
lected individuals of the F2 were planted, one, at first thought, might be 
inclined to attribute this to the selection of extremes from both ends of 
F2 as parents, but observation of the column showing number of cultures 
in table 4 will show that the distribution of Fg parents forms practically 
a normal curve. One can therefore only attribute this increase to cli- 
matic differences in the two seasons which emphasized the effects of 
extreme combinations more in 1916 than in 1915, or else to the fol- 
lowing, which probably accounts for the greater part of the increase. 
It will be noted that the standard deviations of both the populations and 
cultures, averaged separately, of the parental varieties, was less in 1916 
than in 1915, and also that the same was true of the average standard 
deviation of the separate cultures of F3 as compared with that of the 
separate cultures of Fo. These facts indicate that the season of 1916 
did not emphasize the extremes either in the pure cultures of that year 
or in the F., cultures taken separately, or at least that in the latter ca^e 
the increasing homozygosity of the F3 over the Fo was a little more than 
able to offset this effect and thereby reduce the variability of the Fg 
cultures as compared with the Fg cultures taken separately. Now in 
this increase in homozygosity of the Fg cultures probably lies the in- 
crease in variability of the population as a whole. We have already 
seen that the heterozygotes here tend to take an intermediate position. 
Hence as the percentage of heterozygous forms decreases with the ap- 
proach toward homozygosity, the percentage of intermediate types will 
grow less, i.e., the curve will be flattened, and the standard deviation of 
the population, thereby slightly increased. 
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A summary of the distribution of the dates of first head in the plants 
of the parental cultures and the F3 hybrids is shown in table 5. 

It should now be noted that, considering individual plants, there were 
among the hybrids, 29 plants earlier than the earliest of No. 35 and 293 
plants later than the latest of pure No. i. Moreover, considered as cul- 
tures, there were three cultures whose average date of first head was 
earlier than the earliest average of any of the cultures of pure No. 35 
and that there were 19 cultures averaging later than the latest pure 
culture average of No. i. There were in fact three cultures whose 
average date of first head was later than the latest individual of pure 
No. I. Does this indicate that by recombination we may be able to 
isolate races which are earlier than the early parent and later than the 
late parent? 

Table 6 shows the distribution of the F3 individuals and cultures ar- 
ranged according to the date of first heading of the parent Fg plants. 
+ ==; the date of the first head on the selected F2 parent. ^ == the 
average date of the population arising from such parents (reading hori- 
zontally). In the same grouping of cultures there are also shown the 
distribution of the means of the F3 cultures taken separately and the 
distribution of the standard deviations of these cultures. The first 
vertical column at the left shows the number of Fo plants (hence F3 
cultures) in each category. In a vertical column are also shown the 
average of the standard deviations of the cultures taken separately in 
that category. 

Table 7 shows the distribution of the F3 individuals and cultures ar- 
ranged according to the means of the cultures. ^ — the average 
date of first head of the cultures going to make up the population in 
that group (horizontal). This table also shows the distribution of the 
selected Fg plants which were the parents of the several cultures making 
up the corresponding culture groups. The distribution of the standard 
deviations of the several races taken separately which make up its cor- 
responding category is given. The vertical columns are the same as 
in table 6. 

Table 6 shows us that the differences observed in the date of first 
heading of the individual plants of Fs were largely genetic, since their 
offspring (Fg) exhibits but little regression toward the general mean. 
Again the same thing is perhaps better shown in table 7 where the F3 
cultures are grouped and arranged in accordance with their own means. 
We then have the distribution of the parents of these groups of Fg cul- 
tures. It will be observed that in no case does the distribution of the 
parents, for any group of F3 means extend beyond the normal limits of 
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Table 6 

Date of first head in (i X 35) P^, 1916, Distribution based upon date of first head of 
the selected parents. 



O = Mean of F3 group. 
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Table 6 (continued) 

Date of first head in (i X 35) ^ 3 , Distribution based upon date of first head of 

the selected parents. 



variation of the most variable parental culture. If the differences in 
the means of the Fg cultures in tables 6 and 7 are due to genetic causes, 
one would expect the intermediate cultures to be more variable than the 
extremes, thus assuming that the extreme cultures are more nearly 
homozygous than those which are intermediate. 

Now noting the distribution of standard deviations in the Fg cultures 
as given in tables 6 and 7 and the average of the standard deviations 
for separate cultures as shown in the vertical columns, we are unable to 
discover such a decrease in variability toward the extremes. In the 
present material, however, this is not surprising for the following reason : 
No. I and No. 35 differ in so many genetic factors that there is an ex- 
tremely wide range in the products of their recombination. As a mat- 
ter of fact many of these recombinations are so radical and unbalanced 
that they are no longer automatic (i.e., are unable to give rise to a liv- 
ing organism). Hence there is a large percentage of sterility in the F2 
and later generations. Now the recombination of factors which govern 
(by their interaction) the time of heading in this particular cross are 
likely so many and so widely different that all of the possible recombina- 
tions would give a range of heading time far beyond (both toward the 
early and late extremes) the limit of physiological possibilities of a nor- 
mal wheat plant. Hence in the range of variation observed in the Fg 
or Fg of this cross we have only a small section taken from some part 
of the larger theoretical curve. It would therefore appear much flatter 
than the corresponding curve of a pure race and there would be but 
little difference in the heterozygosity, hence, variability, i.e., standard 
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Table 7 (continued) 

Date of first head in (i X 35) 19^6. Distribution based upon the means 

of the Ft culture. 

Standard deviation of Fs cultures. 



deviation, of the cultures arising from individuals selected from either 
the middle or extremes. 

Bread whmt crosses. Red Algerian bread (No. 3) X early Baart 

(No. 34) 

In 1915, I culture of pure No. 3, i culture of pure No. 34 and 6 plant 
rows of the Fg of 3 X 34 were grown. These hybrid rows were from 
the 6 Fj plants of this cross obtained in 1914. As noted above, dates of 
first heading were not taken in the Fj plants. A summary of the results 
in 1915 is given in table 8: 


Table 8 

Date of first head in (3 X 34) Ft, 



Number of 

1 cultures 

1 

Number of 
individuals 

Average date 
of first head’ 

a of popu- 
lation 

Average or 
of cultures 

Pure No. 3 ... 


42 

March 28 

1.60 

1.60 

(3 X 34) F.- • • 


538 

March 23 

3.98 

2.9s 

Pure No: 34... 


93 

March 16 

1.75 

175 


Distribution of or of separate cultures. 



i -751 

1 *-251 

1 **751 

fiSsl 


3.25 1 

3-75 

EQ 

4.75 

Pure ivTo. 3 

■ 

■I 

■1 

■I 

■1 

■1 


■1 


(3 X 34) F, 


B 

B 

B 

B 

B 

2 

B 


Pprc, No, 34 , 

■ 

B 

B 

B 

B 

B 


B 








HEREDITY OF QUANTITATIVE CHARACTERS IN WHEAT 23 


As previously, it may be noted again that the standard deviation of 
the hybrids both as a population and as separate cultures was higher 
than that of the parental varieties. The mean of the Fg hybrid popu- 
lation was only i day later than the mean of the parents. The head- 
ing dates of the populations of parental cultures and F2 hybrids may be 
given in table 9. 


Table 9 

Date of first head in (5 X 34) Pru ^9^5* 


March ' ApnT 



9 

11 

13 

15 

17 

19 

21 

23 

25 

27 

29 

31 

2 


10 

12 

14 

16 

18 

20 

22 

24 

26 

28 

3^ 

I 

3 

Pure No. 3 









2 

24 

10 

6 


(3 X 34) F, 

I 



18 

33 

61 

136 

47 

62 

130 

40 

8 

2 

Pure No. 34 




53 

33 

6 


I 







Means of cultures. 


Pure No 3. 
(3 X 34) F, 
Pure No. 34 



3 


I 

I 


From these 538 Fg plants 112 were selected, for economic reasons, 
for planting in the fall of 1915. For comparison 5 cultures of each of 
the parental varieties were also grown. These were selected from typi- 
cal plants of the parental varieties of the previous season. The range 
of dates of first heading of the selected F2 plants extended from March 
loth to the 29th, thus covering 19 of the 23 days of total variation of 
the F2* The first summary of results are given in table 10. 


Table 10 

Date of first head (3 X 34) Fg, 1916. 



Number of 
cultures or 
plant rows 

Number of 
individuals 

Average date 
of first head 

cr of total 
population 

Average a 
of cultures 

Pure No. 3.,.. 

5 


April 13 


' .82 

(3 X 34) F,. . 

112 


April 5 



Pure No. 34... 

5 


March 25 




Distribution of standard deviations. 



.25 1 

-711 

I*2S| 

175 1 

2.25 

2-75 1 

3-25 

3-75 

4-25 

4.75 

5.2s 

5-75 

6.25 

Pure No. 3 

2 

2 


I 










(3 X 34) F,. 

2 

2 ! 

7 

14 

15 

IS 

7 

10 

14 

8 

9 

4 

3 

Pure No. 


I 



2 i 

I 

I 








The general features of this table are the same as those for the other 
crosses, namely, that the average standard deviations for the cultures are 
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less than those of their respective populations and that the hybrid cultures 
are much more variable than the pure lines. Moreover, as in the com- 
parison of tables i and 4 we here note also an increase in the variability 
of the Fg population of hybrids over that of the Fg. (Compare tables 
8 and 10.) The failure of the average standard deviation of the hybrid 
cultures to decline from 1915 to 1916 should be noted. Does this indi- 
cate a lack of progress toward homozygosity? 

Such an inference would be natural were it not for the peculiar be- 
havior of the parental pure race No. 34. 

It will be observed that the variability of this race was strongly in- 
creased in 1916 over 1915, although all of the 5 cultures belong to one 
and the same pure line, i.e., the single pure line grown the previous 
year, which had originated from a single plant in 1914. Perhaps the 
same factors which , caused this increase in the variability of the pure 
line No. 34 were also able to increase the variability of the hybrid cul- 
tures which arose from No. 34 as one parent and that this influence 
upon the variability was sufficient to offset that of increasing homozy- 
gosity and thus maintain the variability for the two seasons at approxi- 
mately the same figure. 

The distribution of the dates of first head in the parental races and 
in the Fg hybrids for 1916 is shown in the following table: 

Table ii 

Date of first head in (j X S4) Pt, 1916. 


March April 



17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28! 

29 

3oi 

31 

I 

2 

3 

4 

5 

6 

■"8" 

9 

10 

Hi 

12 

13 

14 

15 

17 

18 

19 

20| 

21 

22 

23 

Pure No. 3 











I 


14 

87 

138 

I 




(3 X 34) F. 


12 

17 

43 

|i 39 

415 

761 

675 

597 

842 

391 

195 

157 

30 

1103 

21 

17 

I 

I 

Pure No. 34 

1 

30 

41 

56 

23 

1 74 

17 

I 


t 



L 





U 



Means of cultures. 


Pure No. 3 




■ 

m 










2 

■ 

■ 

■ 

(3 X 34) F, 




1 

■ 










8 

1 

1 

1 

Pure No. 34 



I 

H 

H 











■ 

1 

■ 


It is interesting to note here that no hybrid plant was earlier than the 
earliest individual of the early culture and that there were only 19 later 
than the latest of the late pxirent. Again considered as cultures, the 
means of the hybrid cultures all fall within the limits set by the extreme 
means of the parental variety cultures. Here recombination does not 
seem to have extended the variability definitely beyoaid the limits of the 
parents. 
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Tables 12 and 13 show the segregation of the F3 to be just as marked 
in this cross as in the cross already discussed. The greater variability 
of the intermediate classes is also quite evident. This fact taken in 
connection with the fact that there was no indication of partial sterility 
among the hybrids seems significant. It is exactly what should be ex- 
pected if the segregation of the Fg plants and F3 cultures were due to 
recombination. This should be contrasted with the absence of greater 
variability of intermediates in the semi-sterile hybrids of the bread 
wheat — macaroni wheat crosses. 


Table 12 

Date of first head in (3 X 34) Pz, Distribution hosed upon dates of first head 

of the selected parents. 



O = Mean of group. 


Means of Fg cultures 


March April 


Number 

1 Average a of 

25 

27 

29 

31 

2 

4 

6 

S 

10 

12 

14 

16 

18 

20 

22 

of cultures 

j Fg cultures 

26 

28 

30 

I 

3 

5 

7 

9 

II 

13 

15 

17 

19 

21 

23 


6.30 




> 












2 

147 


1 


I 












7 

2.01 

I 

4 

I 

I 












13 

3.79 


I 

3 

I 

3 

5 










38 

346 

1 

6 

5 

9 

9 

7 

I 


I 







13 

4.02 




1 

3 

4 

3 

I 

I 







14 

3.82 





X 

3 

4 

3 

3 







21 

2.46 






I 

1 

2 

5 

6 

6 

i 




3 

1 2.03 










I 

2 



i 
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Table 12 (continued) 

Date of first head in (3 X 34) ^9^^- Distribution based upon dates of first head 

of the selected parents. 

Standard deviations of F* cultures. 



Table 13 

Date of first head in (3 X 34) F^, 1916. Distribution based upon means of F» cultures. 

Fs individuals 
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Table (continued) 

Date of first head in ($ X 34) F,, ipi6. Distribution based upon means of F, cultures. 



Standard deviations of F| cultures. 



Sntmnary; date of first head 

In both crosses the parents had wide differences in heading dates and 
the averages of the Fj and Fg were in every case intermediate and nearer | 
to the late parent. The range of the individual hybrid plants in no case 
extended significantly beyond the range of the early parent toward ex- 
treme precocity of heading. Toward the late extreme, however, in the 
macaroni — ^bread wheat crosses, there was a long extension of the range, j 
much beyond that of the late parent. As a matter of fact many plants 
never headed, but remained as dark green, grass-like tufts until they were 
killed by the heat and dryness of the summer. Among the bread wheat 
crosses the extension of the range of date of first head beyond the ex- 
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treme of the late parent was never marked, and could, in fact, be ac- 
counted for by the normal extension of the curve due* to greater num- 
bers. 

The same observations made above with regard to the relation of the 
means of the hybrid populations to their parental means, apply also to the 
distribution of the means of the hybrid cultures, as compared with their 
parents, in the F2. In the Fj, however, the matter was somewhat dif- 
ferent. In the macaroni — ^bread wheat cross there were 3 cultures whose 
average dates of first head were earlier than the earliest parental aver- 
age and there were altogether 19 cultures averaging later than the latest 
parental average. Since there were 230 cultures concerned, 8.2 percent 
are thus seen to lie outside of the parental range. In the bread wheat 
cross, on the other hand, there was no case where the average of a hy- 
brid culture was outside the range of averages for the parental varieties. 
As regards individuals in the Fj the parental types were abundantly re- 
covered in every case. As regards means of Fg cultures (a better cri- 
terion of the genetic constitution of the Fg plants) the parental types 
were also recovered in all cases. 

In all cases where more than one culture was involved the standard 
deviations of the population were greater than the average of the standard 
deviations of the cultures taken separately and in all cases the standard 
deviations of the hybrids^ were greater than those of either parent both 
as regards that of the populations and the averages of the cultures taken 
separately. 

In comparing the standard deviations of the hybrid Fg populations 
with their respective Fg parental populations we may note the following 
observations: (i) the standard deviation of Fg populations are so de- 
pendent upon the range of Fg parents chosen, that conclusions drawn 
from the calculation of this constant should be carefully guarded. The 
standard deviation of the Fg population of both crosses was greater 
than that of the Fg population. Since heading time appears to be im- 
perfectly dominant in these hybrids, the number of intermediate types 
will tend to be reduced as the population approaches homozygosity. If 
therefore we assume a Mendelian inheritance, whenever the selected Fg 
parents practically cover the range of distribution of the Fg population 
and form a random sample thereof, we would expect the Fg population 
to have a higher standard deviation than the Fg population. 

When we come to compare the average variability (here measured by 
standard deviation) of the F* cultures taken separately with the average 
* It should be remembered that the F, is not here included. 
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variability of the Fa cultyes we are not hampered in our conclusions, to 
so large an exteftt as mentioned above in comparing the variability of 
the Fg and Fg populations. With a Mendelian interpretation there is no 
genetic reasoiT why'^any culture should be significantly more variable 
than the most variable Fa culture. Moreover, the average variability of 
the Fg should be equal to or less than that of the Fa, whatever the mode 
of selection. We may now observe as follows : ( i ) In the macaroni — 

bread wheat cross, i X 35, the average variability of the Fg cultures 
was significantly below that of the Fg cultures. (2) In the bread wheat 
cross some complications arose. The average standard deviations of 
the Fg and Fg cultures of the 3 X 34 were the same (2.95). This, how- 
ever, cannot be assumed as evidence of a lack of progress toward hom- 
ozygosity, for the following reasons : It will be observed that the vari- 
ability of pure race No. 34 was strongly increased in 1916 over 1915 
(2.17 and 1.75, respectively) although all 5 of the cultures grown in 
1916 came from the i culture grown in 1915, which in turn came from 
a single plant in 1914. Perhaps the same factors which caused this in- 
crease in the variability of the pure line No. 34 were also able to in- 
crease the variability of the hybrid cultures which were grown from 
No. 34 as one parent and that this influence upon the variability was 
sufficient to offset that of increasing homozygosity and thus maintain 
the variability for the two seasons at the same figure. 

The strongly fluctuating nature of the variability of date of first head 
is shown by a study of the distribution of the standard deviations of the 
Fg. In every case the range of distribution of the standard deviations 
of the F2 overlapped the range for one or both parents. This could be 
explained by assuming a partial-blending inheritance and assuming that 
in some Fj plants the blend was more complete than in others. If this 
were true the Fg cultures grown from these low-variable Fg cultures 
should also show a low variability. The results are given in table 14. 


Table 14 


Number of F, 
cultures as little 
variable as 
one parent 

Number of 
Fa cultures 
arising from 
these 

Average cr 
of these 

Fa cultures 

Number of F, 
cultures more 
variable than 
either parent 

Number of 
Fa cultures 
arising from 
these 

Average o* of 
these cultures 

22 

148 

3.12 

21 

194 

3.05 


It is thus seen that the low-variable Fg cultures gave rise to the higher- 
variable Fg cultures. This is what would be expected upon a Mendelian 


Gsnxtics 4 : Ja 1919 





30 


GEO. F, FREEMAN 


interpretation if we assumed that the low variability of the cultures 
in question were so because but few of the extreme combinations chanced 
to occur. It must be admitted however that the difference shown is not 
large enough to be significant. We may therefore safely conclude that 
the differences in standard deviations of the Fg cultures were wholly 
fortuitous and without genetic significance. 

In the Fg generation, in all cases, cultures occurred with as low vari- 
ability as that of the parents, i.e., there were cultures which, insofar as 
variability is concerned, appeared as nearly homozygous as the pure lines. 

With a Mendelian interpretation we are accustomed to expect those Fg 
plants which take a position relative to the parents similar to that oc- 
cupied by the mode of the F^, to give rise to Fg cultures which are more 
variable than the Fj plants otherwise located. In the macaroni — bread 
wheat crosses we are not able to observe any relation of this kind. This 
fact, howfever, does not argue the absence of Mendelian segregation for 
the following reasons: The macaroni and bread wheats here crossed, 
differ in so many genetic factors that there is an extremely wide range 
in the products of their recombination. Many of these recombinations 
are so radical and unbalanced that they are no longer automatic. Hence 
there is a high percentage of sterility in the Fg and later generations. 
Such sterility may have the effect of flattening the distribution curve of 
the Fg or perhaps even limiting it to one end or the middle or even the 
extremes of a curve which would be formed by all of the recombination 
possibilities. As already pointed out many of the Fg plants never got 
beyond the rosette stage and many plants which made a robust vegeta- 
tive growth were completely sterile. The study of sterility in these 
crosses will be reserved for a future paper. In circumstances such as 
these it is apparent that there may occur very little difference in the 
heterozygosity, hence variability, of the cultures from individuals se- 
lected from either the middle or extremes of the fertile Fg of such a 
population. In the 3 X 34 cross there is a very apparent greater vari- 
ability of the cultures arising from the modal Fg plants (see tables 12 and 
13). It should be noted that here there was complete fertility and the 
Fg selections covered nearly the whole of the range of the F* population. 
A glance at tables 6 and 12, where the Fg individuals are grouped with 
reference to the heading date of the Fg parents, yields abundant evi- 
dence that some sort of segregation has occurred. The Fg plants were 
not alike genetically. All of the phenomena observed can be explained 
by assuming that heading date is governed by three or more Mendeliz- 
ing unit factors. No attempt has been made to determine the number 
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of factors in any case but the fact that many of the intermediate groups 
(see tables 6 and I3) show cultures with low variability would indicate 
that the number of factors concerned was rather large, thus providing 
the possibility of securing several genetically different but still homozy- 
gous types. 


HEIGHT 

Macaroni — bread wheat crosses, Algerian fnacaroni (No, i) X 

Sonora (No, 55) 

In this study all height measurements were made from the ground to 
the top of the highest head (not including the awns). Lengths were 
taken to the nearest centimeter and expressed in the summaries to the 
nearest five centimeters. No pure No. 35 was grown in 1914 which 
was comparable with the pure No. i and the (i X 35 )Fi- The No. i 
grown in 1914 was not a single pure line but was from seed of several 
different mother plants of this variety. A summary of the results for 
1914 is shown in table 15. 


Table 15 

Heights in centimeters in (i X 35) Pi, 19 14- 



Number 

70 

~ 8 o 

90 

100 

no 

120 

130 

140 

150 

160 

Aver- 



of plants 

79 

89 

99 

109 

II9 

129 

139 

149 

159 

169 

age 

V. 

Pure No. i 

151 

I 


I 

3 

9 

26 

43 

49 

' 18; 

I 

134 

10.0 

^ X 3S ) Ff — 

39 

1 



II 


ij 

4 

8 


4 

147 ] 

8.0 


The Fi was taller but no more variable than the parent given. Thirty- 
eight of these hybrid plants gave rise to hybrid cultures in 1915. The re- 
sults are summarized in table 16. 


Table 16 

Heights in (i X 35) Psj 19 15- 


i 

Number of 
cultures 

] 

Number of 
individuals 

Average 

height 

Coefficient of variation 

of 1 of separate 

population | cultures 

Pure No. i 

9 

648 

147 

8.S i 

6.7 

(i X 35) F. 

38 

2535 

122 

19*6 1 

19.0 

Pure No. 35 

3 

166 

' 128 

II. I 

64 


Distribution of the coefficients of variation of cultures. 
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Pure No, i 
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It should be noted here that, whereas the was taller than No. i, the 
tall parent, the average of Fj (where all of the Fi was planted) was 
lower than either parent. The high sterility of the F2 plants has al- 
ready been noted. As usual the hybrids were more variable than either 
parent. It should also be noted that the F2 hybrids were much more 
variable than the F^. 

Table 17 gives the distribution of the populations and means of both 
parents and the F2 hybrids as regards height. 


Table 17 

Heights in centimeters in (i X SS) F„ 19/5. 



Distribution of individual heights 

Distribution of 
means of cultures 


3 P 

40 

50 

60 

I70 

80 

90 

100 

no 

120 

130 

140 

150 

160 

170 

180 

1 10 

120 


140 

150 


39 

49 

59 

69 

79 

89 

99 

109 

119 

129 

139 

i-i 

159 

169 

179 

189 

119 

129 

139 

149 

159 

Pure No. i 






I 

4 

4 

4 

25 

89 

155 

217 

139 

10 




2 

3 

4 

(I X 3 S)F, 

5 

2 

18 

29 

51 

104 

178 

226 

3II 

409 

447 

399 

248 

94 

II 

3 

4 

30 

4 



Pure No. 35 








8 

25 

29 

52 

38 

13 

I 





I 

1 



Only three of the hybrid plants were taller than the tallest individuals 
of the tall parent, but there were 95 lower than the lowest individual of 
either parent. No hybrid culture averaged as tall as the highest average 
for the low parent, but 4 cultures averaged lower than the lowest aver- 
age of either parent. All recombinations so far obtained appear there- 
fore to be less vigorous than the parental races. Since the Fj plants 
showed considerable range in height, it would be interesting to know 
whether this was inherited to any degree in Fj, i.e., was the range in Fj 
due solely to modification or were these differences partly genetic? Table 
18 shows the F2 cultures grouped according to the parental height. The 
class in which the parental height fell is marked +, and the mean of the 
population arising from such parents is marked O. 

While the last class is 8 cm higher than the first class, considering 
the small number of races in each, this difference is not above the prob- 
able error. We may therefore safely conclude that for all practical pur- 
poses the Fj plants were uniform genetically. 

Two hundred and thirty of the F2. plants were Selected for planting in 
the fall of 1915 and gave rise to hybrid cultures which were measured 
just before ripening in 1916. For comparison 7 pure cultures of No. l 
and 5 pure cultures of No. 35 were grown. The first summary of re- 
sults follow. 
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Table 19 

Height in centimeters in (i X 35 ) ^ 9 ^^- 



Number of 
cultures 

Number of 
individuals 

Average 

height 

Coefficient 
of variation 
of the 
population 

Average C.V. 
of separate 
cultures 

Pure No. i.... 

1 

1 7 

344 

137 

8.4 

6.6 

<i X 35) Fs.. 

I 230 

10084 

118 

20.3 

15.4 

Pure No. 35... 

1 5 

246 

123 

7.1 

6.3 


Distribution of coefficients of variation in (i X 3S) 1916. 



As usual it may be observed that the pure races are less variable than 
the hybrids and that the average coefficient of variation of the cultures 
is smaller than those of the populations. It should be further noted 
that the average coefficient of variation of the F3 hybrid cultures is 
smaller than that of the Fo. This is to be expected in the case of in- 
creasing homozygosity. 

Table 20 shows the distribution of the populations in 1916. 


Table 20 

Heights in centimeters in (iXj5) Pa, 
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Distribution of means. 
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49 

53 

42 

36 

12 

I 





Pure No. 35. . . 











2 

3 









Only 15 hybrid plants were taller than the tallest individuals of the 
tall culture. Considering the large number of hybrids in comparison 
with the number of No. i, these few taller plants are without signifi- 
cance. At the other end of the scale, however, we find 474 plants lower 
than the lowest of the lower parent. Considering means we also note 
with interest that there were 86 hybrid cultures averaging lower than the 
lowest average for the low parent and one hybrid culture averaging lower 
than the lowest individual of the low parent. 
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Table 21 





Genetics 4 : Ja 1919 



36 


GEO. F. FREEMAN 


Table 22 

Heights in centimeters in (i X S5) F>, rgid. 
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Table 21 shows the height of the F3 plants grouped according to their 
F2 parents, the means of the Fs cultures and the coeifificients of variation 
of these cultures, respectively, making up each population group. Table 
22 shows the height of the Fs plants grouped according to the means of 
the Fa cultures, the heights of the parents giving rise to these groups and 
the standard deviations and coefficients of variation of the F3 cultures, 
respectively. It should be noted in table 21 that, while there was con- 
siderable regression toward the mean, there was a nearly uniform corre- 
lation between the height of the Fg parent and the Fs offspring. By 
comparing table 21 with table 20 it will be observed that the distribution 
of the means in any group of hybrids is no wider than the range of 
variation of the individuals in either of the parental varieties. Observ- 
ing the averages and distribution of the coefficients of variation we note 
an irregular but yet fairly definite lessening of variability in the taller 
groups. 

Again comparing table 22 with table 20 we note that for any F3 
group (in table 22) the distribution of the parents was not wider than 
the distribution of the individuals of the parental varieties. The differ- 
ences in the heights of the individuals of these parental groups (which 
gave rise to cultures having the same mean) could therefore be assumed 
to be environmental modifications of plants of the same -or equivalent 
heredity so far as height is concerned. 

The column showing the average coefficient of variation and the dis- 
tribution of these constants in table 22 shows a very decided decrease in 
variability of those cultures which have high means. 

One conclusion stands out prominently from these tables. The fac- 
tors for height were not uniform in the Fo plants. Recombination had 
occurred so that on the average (i.e., excluding environmental modifica- 
tions)*, tall parents gave rise to tall offspring and the grading of the par- 
ents into a series of ascending heights resulted in a slightly less marked 
but still regularly ascending series of offspring groups. The complete- 
ness of this series indicates that the number of factors was large. 

Algerian macaxrom {No, /) X Algerian red bread (No. j) 

In 1914, 151 plants of pure No. i and six plants of pure No. 3 to- 
gether with 5 plants of(iX3)Fi were measured for height. 

The following table shows the distribution of the heights of these 
plants and their means. Except for the pure No. i, the numbers were 
too small for the calculation of the standard deviations with any degree 
of accuracy. 
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Whereas the hybrids were intermediate between the parent races, 
the Fg averaged lower than either, the two parent races being of prac- 
tically equal height. The variability of the hybrids was strikingly higher 
than that of the parental cultures. 

Table 25 gives the distribution of the populations and the means of 
both parents and the Fg hybrids as regards height. 

None of the hybrid plants was taller than the tallest individual of the 
parental cultures but there were 29 lower than the lowest individual of 
the parents. It is striking that all of the means of the hybrid cultures 
save one were lower than the lowest parental mean. All recombinations, 
therefore, appear to be less vigorous than the parental cultures. 













HEREDITY OF QUANTITATIVE CHARACTERS IN WHEAT 39 


Table 25 

Heights in centimeters in the (jXs) Pi, 19^5* 



40 

50 

60 

70 

80 

90 

100 

no 

120 

130 

140 

150 

160 

170 


49 

59 

69 

79 

89 

99 

109 

1 19 

129 

139 

149 

IS9 

169 

179 

Pure No. i 





I 

4 

4 

4 

25 

89 

155 

217 

139 

10 

(I X 3) F,.... 

7 

5 

8 

9 

17 

27 

39 

57 

61 

87 

34 

27 

8 


Pure No, 3 










3 

18 

21 





Distribution of 

means of cultures. 






Pure No, i 










1 ^ 

3 

4 



(1 X 3) Fj..., 







2 

I 

I 

1 





Pure No. 3. . . . 











I 





Table 26 shows the Fg cultures grouped according to the height of 
their respective Fi parents. The class in which the parental height fell 
is marked + and the means of the population arising from such parents 
are marked O. 


Table 26 

Heights in centimeters in the {1 X 35) Pi, I9^5‘ 


Number of 
cultures 

Height of 
parent 

Average 
height of 
offspring 

Number 
of in- 
dividuals 

r~ 

30 

39 

40 

49 

50 

60 

69 

70 

79 

80 

89 

90 

99 

100 

109 

no 

120 

129 

130 

139 

140 

149 

150 

159 

160 

169 

2 

100 
109 

los 

82 


2 

4 

5 

4 

9 

10 

0+ 

9 

10 

12 

9 

6 

2 



130 

139 











6 1 

t 

+ 




I 

iro 

54 

1 

3, 

ij 

1 * 


1 4 

1.3 

1 5 

1 9 



i 3 

L.J 



140 

149 



! j 



'1 



1 


1 

0 


+ 



2 

126 ! 

270 

L J 

2 


3 

1 3 



1 ^5 

38| 

40 

1 ^5 

' 45 

^23 

8 


Although the range of each of these groups is practically the same, 
the distinct correlation between the height ot parent and height of off- 
spring cannot be disregarded. This would indicate that one or the other 
of the parental stocks was not pure as regards the factors influencing 
height and that the Fi plants were, therefore, not all equivalent genetic- 
ally in this respect. In order, therefore, to avoid complications, the sub- 
sequent discussion of this cross will be based upon the product of a single 
Fi plant (145 cm high) in 1914 from which a culture (No. 32-1) was 
grown in 1915, of which the following data may be given: 


Table 27 

Heights in centimeters in the (i X 35) P^, I9i5> 


Culture 

Height of 
parent 

Average height 
of offspring 

Number of 
individuals 

Average* 

CV. 

Distribution of heights of inc 

ividuals 

70 

79 

80 

89 

9o[ioo 

99I109 

no 

119 

i2oji3oji40 
1291 1391 149 

150J160 

32-1 

145 

i3<r 

— '71 

15 

Cl 

1 I 

1 4j lol 

L? 

1 ii| 9| 13 

I0| S 
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From this culture 40 plants were selected as parents in 1915-’! 6. A 
first summary of the results may be given as follows : 


Table 28 

Heights in centimeters in (i X S)ip8f 1916. 


Cultures 

Number of 
cultures 

Number of 
individuals 

Average 

height 

Coefficient 
of variation 
of the 
population 

Average C.V. 
of separate 
cultures 

1 

Pure No. i. . . . 

7 

342 

137 

8.5 

6.6 

(i X 3) Fa-.-. 

40 

1758 

123 

20.6 

14.2 

Pure No. 3 

5 

243 

133 

8.0 

6.6 


Distribution of coefficients of variation 


1 


^1 

| 7 | 

9| 


ra 

15 

[17119 


2^ 


27 

[29 

31 

33] 

[ 3 ^ 

37 

39 

Si] 

43 

Cultures 

4 

6 

l« 

10 

12 

14 

16 

[iSpo 

I22 

24 

26 

28 

130 

32 

34 

|36 

38 

40 

t 

44 

Pure No. i 

j 

4 

2 

I 




1 1 




1 









(I X 3) 

I 

6 

3 

5 

5 

3 

3 

2 | 5 | 

‘ 2 

2 

I 

1 



r 





1 

Pure No. 3 

2 

I 

I 


I 



i_Li 

□ 



u 

L 









Again we perceive that the averages of the coefficients of variation of 
the cultures are less than the coefficients of variation of their respective 
lx)pulations, and that the pure lines are less variable than the hybrids. 
The average variability of the F3 is markedly less than that of the 
cultures in Fg. 

Table 29 gives the distribution of the populations and means of both 
the hybrid and parental cultures. 

Tabll 29 

Heights in centimeters in (i X 5)^3, 1916. 



30 

46 

50 

60 

70 

80 

90 

100 

no 

Z 20 

130 

140 

iso 

160 

170 


39 

49 

59 

69 

79 

89 

99 

109 

1 19 

129 

139 

149 

159 

169 

179 

Pure No. i 




■' 

I 

I 

I 

I 

ri 

91 

123 

84 

26 

3 


(i X 3) F« 

8 

6 

21 

21 

67 

73 

100 

157 

244 

274 

252 

320 

170 

36 

8 

Pure No. 3 


I 



I 



I 

10 

68 

108 

.48 

6 


— 



Distribution of 

means. 









Pure No. I 










2 

2 

3 

n 



(l X 3) Fa 






2 

4 

3 

9 

6 

3 

9 

2 



Pure No. 3 










3 

2 






Observing tables 28 and 29 it is evident that on the average, height- 
vigor in the Fg hybrids was again less than for the two parental cul- 
tures but that there were two hybrid cultures taller than the tallest aver- 
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age for the taller parent. On the other hand 20 hybrid cultures were 
lower than the lowest average of the low parent. 

Table 30 shows a fairly uniform correlation between the height of the 
selected Fg parent and the average height of its F3 offspring. Table 31 
exhibits rather strikingly the fact that the taller F3 cultures are much 
less variable than those which averaged lower. Now if one will com- 
pare the distribution of the selected Fg parents (table 30) with the total 
Fg population as shown in table 25, it will be observed that the selections 
just cover the upper half of the range. As regards the variability of 
the F3, therefore, table 31 and the accompanying column of average co- 
efficients of variation might be assumed to represent only a half curve. 
The low selections were therefore really intermediate Fg individuals. 
The higher variability of these lower F3 cultures, and the very evident 
decline in variability as we approach the taller, real, extreme, can be in- 
terpreted as being in accord with the idea of hybrid recombination of 
height factors with the intermediate forms most heterozygous and hence 
more variable. 


Table 30 

Heights in centimeters in (i X 3)Fsf 1916. 


Number of 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

no 

120 

130 

140 

ISO 

160 

170 

cultures 

19 

29 

39 

49 

59i 

69 

79 

89 

99 

109 

1 19 

129 

139 

149 

159 

169 

179 











+ 

0 







2 


1 



I 


4 

7 

13 

II 

13 

31 

8 

I 













0 


+ 







3 



2 

I 

6 

4 

12 

17 

16 

19 

20 

10 

3 

4 


1 


7 

1 

i 


1 I 

1 

3 

4 

5 

1 

19 

16 

22 

1 

42 

87 

% 

36 

19 

2 



1 

9 

1 1 

1 

I 3' 

2 

6 

1 

7 

20 

17 

1 

21 

47 

% 

81 

+ 

57 

45 

10 

3 

I 














0 

4 - 




II 



2 


2 

1 5 

8 

! 9 

18 

27 

32 

49 

80 

147 

89 

27 

7 














0 


4 - 



6 





I 


4 

7 

9 

10 

22 

30 

54 

72 

48 

I 
















0 


+ 

i 

2 









I 

I 

4 

7 

14 

32 

21 

5 



+, Selected F, parent?. 
O, Means of Fa groups. 
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Table 30 (continued) 
Heights m centimeters in (i X S) 



Table 31 

Heights in centimeters in O X 3)F„ 1916. 
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Table 31 (continued) 

Heights in centimeters in (i X 3) P9, 1916, 



Height in bread wheat crosses, 3 X 35 

No pure No. 35 was grown in 1914 for comparison with the pure 
No. 3 and the hybrids of 3 X 35* The following table summarizes 
the data for the pure No, 3 (6 plants, not a pedigree line) and the 
f3 X 35) Fi hybrids. 

Table 32 

Heights in centimeters in (3 X SS) Pt, ^9^4- 


Distribution of heights of individuals 


Culture 

Number of , 
plants 

Average 

height 

100 

109 

no 

r2o 

129 

130 

m 

140 

_ 149 _ 

150 

159 

160 1 
169 1 

170 

179 

Pure No. 3 
(3 X 35 ) Ft 

“ ~'6 

18 

118 

142 

2 1 

1 

1 2 

1 1 

I 

5 

8 

3 

1 

I 



The hybrids are thus seen to be taller than the pure No. 3 and the 
range is slightly greater, but not more than would be expected with the 
larger number of individuals grown, i.e., one could not infer that the 
hybrids were more variable than the pure race. 

Each of the 18 plants gave rise to an Fg culture in 1915. For 
comparison 3 cultures of No. 35 and one of No. 3 are available. Table 
33 summarizes the results for 1915. 


Table 33 

Heights in centimeters in (3 X 35) i 9 / 5 . 


Culture 

Number of 
cultures 

1 

Number 

plants 

Average 

height 

1 Coefficient 
of variation 
of the 
population 

Average C.V. 
of separate 
cultures 

Distribution 
of C.V. 

3 

4 

5 

6 

7 

8 

9 

10 

Pure No. 3 

I 

42 

146 

42 

4.2 

I 




(3 X 35) F, 

18 

1611 

1 ^ i 

74 

6.0 


IS 

I 

2 

Pure No. 35 

3 

166 ' 

128 

il.l 

6.4 

I 

I 


1 
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It is here interesting to note that the hybrids are somewhat taller than 
the tall parent. 

Table 34 gives the distribution within the populations of Fg hybrids 
and parental races. In the hybrids, the cultures are arranged in groups 
with regard to the height of their Fj parents. 


Table 34 

Heights in centimeters in (3 X 35) Pa> 1916. 



Number of 
cultures 

Parental 

height 

60 

69 

70 

79 

89 

5 

»i 

p 

109 

no 

119 

120 

129 

130 

139 

140 

149 

150 

159 

160 

169 

170 

179 

Pure No. 3 

I 



- 

- 



I 

+ 

4 

_3 

8 

18 

0 

40 

21 

30 


— 

(3 X 35) F, 

I 

120 

I2Q 

2 

« 

5 

130 

130 

I 




I 

. 

14 

46 

144 

0 

169 

6 s 

9 

i< 

8 

140 

149 




I 

2 

3 

18 

80 

236 

286 

93 

3 

l< 

3 

150 

139 




2 


I 

5 

12 

57 

+0 

105 

55 

4 

fl 

I 

160 

169 







2 

5 

-.3' 

0 

52 

20 1 


(3 X 35) F.i 
Totals 

18 


I 




1 ! 

j 4 

4 

j 

1 

43 

154 

§8 

_663 

235 

j 6 

Pure No. 35 

I 






8“ 

25 

29 

52 

38 

13 

I 


Distribution of means of cultures. 


Pure No. 3 
(3 X 35) F, 
Pure No. 35 


' il 
. f “ 







I 

I 

I 

I 

6 

I 





+, Selected F, parent. 
O, Mean of group. 


No appreciable correlation between the height of the Fi parent and 
the average of the Fj offspring is apparent. We may therefore con- 
sider that so far as the height factors are concerned, the Fj plants were 
all equivalent. The range of distribution of the hybrid population 
slightly exceeded that of the most variable parent in both directions but 
no more than would be expected considering the larger number of plants 
grown. 

From the above Fg hybrids 80 selections were made for growing in 
1915-16. Th^e ranged from 118 to 173 cm high, thus covering all of 
the upper but not quite all of the lower end of the range of the Fg. For 
comparison with these, 5 cultures of each of Nos. 3 and 35 were grown. 
A first summary of the results are shown in table 35. 
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Table 35 

Heights in centimeters in (3 X 35) Fs, 


Culture 

Number 

of 

cultures 

[ Number 
of 

individuals 

Average 

height 

Coefficient 
of variation 
of the 
population 

Average C.V. 
of separate 
cultures 

Pure No. 3.... 

5 ' 

243 

133 

8.0 

6.6 

(3 X 35) F,... 

80 

3849 

143 

8.4 

6.3 

Pure No. 35... 

5 

246 

123 

7.2 

6.3 


Distribution of coefficients of variation. 



3 

4 

5 

6 

7 

8 

1 9 i 

10 

11 

12 

13 

14 

Pure No. 3 j 

2 

I 

I 


I 


(3 X 35) F. 

8 

43 

21 

4 

3 

I 

Pure No. 35 

I 

_Aj 

I 

_Lj 




It should here be noted that the average height of the hybrids is again 
greater than that of the taller parent and that there is no diminution 
in the variability of the F3 from the Fg. Moreover, the hybrids are no 
more variable than the pure races. 

Table 36 gives the distribution of the populations of the hybrids and 
their parental races as well as the distributions of the means of the cul- 
tures of each. 


Table 36 

Heights in centimeters in (3 X 35) Fs, 1916. 



Distribution of individuals | 


Distribution of 
means of cultures 


40 

50 

60 

70 

80 

90 

100 

no 

120 

130 

140 

150 

lOO 

170 


no 

120 

130 

140 

150 


49 

59 

69 

79 

89 

99 

109 

1 19 

129 

139 

149 

159 

169 

179 


119 

129 

139 

149 

159 

Pure No. 3. . 

I 



I 



I 

10 

68 

108 

48 

6 



. 


3 

2 



(3 X 35) Fa. 




I 

3 

I 

37 

164 

519 

1045 

1350 

61 1 

104 

14 



12 

26 

34 

8 

Pure No. 35. 





I 


I 

10 

72 

141 

17 

I 





2 

3 





That we should here have 42 hybrid cultures (slightly more than 
half) whose average heights were higher than the highest average for 
the tall parent is somewhat surprising. Especially is this so when we 
reflect that the variability of the hybrids is no greater than that of the 
pure lines. 

From table 37 we observe that the regression of the offspring of ex- 
treme selections is quite strong, but it is not complete. The difference 
between the means of the offspring of selected extremes is greater than 
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between the means of the parental races (compare table 35). Compar- 
ing the distribution of selected Fj parents forming the groups in table 
38 with the distribution of the individuals of their parental varieties in 
table 34, we will note that they are not more widely distributed. They 
can therefore be assumed to be environic modifications of individuals 
representing equivalent genetic combinations so far as height is con- 
cerned. There was a fairly well marked decrease in the variability of 
the taller cultures. 


Table 37 

Heights in centimeters in (3 X 3S) Pz, 1916. 


Arrangement of F, individuals grouped according to Fj parents 


Number of 
cultures 

69 

78 

79 

88 

1 

99 

108 

109 

1 18 

1 19 
128 

129 

138 

139 

148 

149 
158 1 

i-i 

SIS 

169 

178 






+ 

0 






1 




5 

II 

10 

5 

15 

3 



i 





13 ^ 

+ 

0 



1 


2 




2 


12 

21 

24 

23 

2 i 







1 


04 - 

, 1 




9 

I 

2 


7 

43 

no 

79 

96 

73 

19 

I 

20 



I 

15 

33 

188 

Ss 

+ 

314 

132 

17 

2 

35 



I 

7 

53 

148 

484 


4 * 

273 

43, 

■ 

10 

12 


I 


I 

12 

48 

176 

0 

212 

98 

4 " 

23 

I 









0 



4 - 

I 





1 

2 

__I 5 

24 

9_ 


1 



Red Algerian bread (No. 3) X Baart (No. 34) 

In 1914 there were grown 6 plants of pure No. 3, 12 plants of pure 
No. 34 and 6 plants of (3 X 34) Ff These numbers are too small to 
warrant the calculation of coefficients of variation but the distribution 
and averages may well be given. 
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Table 38 

Heights in centimeters in (3 X 35) Fs, 1916. 



Table 39 

Heights in centimeters in (3 X 34) Pi, ^9^4^ 


Cultures 

Number 

Average 

100 

no 

120 

130 

140 

150 

160 

of plants 

height 

109 

119 

1 129 

139 

149 

159 

169 

Pure No. 3.... 

6 

118 

2 

I 

1 ^ 

I 




(3 X 34) F,...i 

6 

123 


I 

I 

4 




Pure No. 34... 

12 

150 



1 

I 

2 

7 

2 


The Fi is here seen to be intermediate in height between the parents 
and with a smaller range of variation than either. 

Each of the 6 plants gave rise to an Fg culture in 1915. For com- 
parison, one culture of No. 3 and one of No. 34 were available. Table 
40 gives first summary of the results. 


Table 40 

Heights in (3 X 34) F2, I9i5- 


Culture 

Number 
of cultures 

Number 
of plants 

Average 
height in 
centimeters 

Coefficient 
of variation 
of the 
population 

Average 

C.V. of the 
cultures 

Distr 
of C 

3 

4 

ibutioii 
:. V. 

6 

Pure No. 3. . 

I 

42 

146 

4.2 

4.2 

I 


(3 X 34) F,. 

6 ' 

537 

150 

7.1 

5.0 

z 

5 

Pure No. 34. 

I 

92 

137 

4*1 

4.8 


I 
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As in the last bread wheat cross (No. 3 X 35 ) and unlike either of 
the bread wheat X macaroni wheat crosses (i X 35 and i X 3) the 
average height of the Fg is greater than the mean of the parents, in fact 
greater than either of the parents. As usual the coefficient of variation 
of the F2 taken as a population was greater than the average of this con- 
stant for the separate cultures and the average coefficient of variation 
of the hybrid cultures was greater than that of the pure parent cultures. 

Table 41 gives the distribution of height in the parental races and the 
Fj hybrids of this cross. 


Table 41 

Heights in centimeters in (.3 X 34) Pi, 19^5- 


Culture 1 

1 

Distribution of individuals 

Distribution of 
means of 
cultures 


80 

90 

100; 

no 

120 

130 

140 

ISO 

160 

170 

130 1 

140 

150 


89 

99 

I09| 

II 91 

129 

139 

149 

i 59 | 

169 

179 

139 

149 

159 

Pure No. 3 






3 

18 

1 21 




i| 


(3 X 34) F, 

1 




6 

26 

1 isi 

232 

III 

9 


2 

4 

Pure No. 34 





2| 

29 

55 

6 



I 




That we should have 4 hybrid cultures averaging taller than the tall 
parent is interesting, but may be ascribed to hybrid vigor. 

The following table (table 42) gives the distribution of the F2 popu- 
lation grouped according to the height of the Fj parents, + being the 
height of Fj parent, and O the mean of Fj individuals arising from 
such parents ; 


Table 42 

Heights in centimeters in (3 X 34) Pi, I9i5- 


Number 
of cultures 

Parental 

height 

80 

89 

90| 

99 

100 

109 

no 

n9i 

120 

129 

130 

139 

140 

I49| 

150 

159 

160 

169 

170 

179 


Average 

height 

I 

no i 




+ 



0 







1 19 




I 

6 

6 

41 

27 

9 



147 

I 

120 





+ 



0 






129 






4 

29 

42 

12 



152 

4 

130 






4. 


0 






139 

1 





16 

81 

190 

99 

9 

L 

1 155 


There is thus seen to be a slight correlation between the height of the 
Fi parents and the height of the Fg, indicating a possibility of some 
genetic differences in the Fi in respect to height In all further discus- 
sion of this cross, as regards height it will be necessary to segregate the 
data into groups so as to consider at one time only plants ori ginati n g 
from a single Fj parent. Since nearly all of the Fj population arose 
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from one or the other of the original Fi plants, Nos. 25-1 and 44-2, 
all F3 cultures except such as originated from these two will be excluded 
from this study, and these will be kept separate. The distribution of the 
F2 of these two cultures were as follows : 


Table 43 

Heights in centimeters in (j X 34) P2, 




1 



Distribution of 




. Culture 

Parental 

Number 

Average 


individuals 



Average 

height 

individuals 

height 

120 

130 

140 

150 

|i 6 o 

170 


C.V. 





129 

139 

149I 

159 

[169 

179 



(44-2) F„ 1915 

120 

00 

152 

I 

3 

29 

42 

1 



4.5 

(2S-1) 191S 

135 

1 90 1 

15s 

1 


12 

_42| 

I 33 

3 

J 

4.9 


The selections for the F3 covered the full range of both of these par- 
ents. Table 44 gives a summary of the results in F3. 


Table 44 

Heights in centimeters in (3 X 34) ^s, 1916. 


1 

Culture 

Number of 

Number of j 

Average 


cultures 

individuals 

height 

Pure No. 3 

5 

i 

243 

133 

(3 X 34 F. (44-2) 

50 

2408 

133 

(3 X 34) F, (2S-I) 

50 

2396 

131 

Pure No. 34 

5 

243 

121 


Coefficient of variation 




Average of 

1 Distribution of C.V. 

Culture 

Population 

separate 

3 

5 

7 

9 

II 

13 

15 



cultures 

4 

6j 

8 

10 

12 

14 

16 

Pure No. 3 

8.0 

6.6 

2 

I 

I 


I 



(3 X 34) F, (44-2) 

9.8 

6.5 

9 

23 

10 

4 

2 


2 

(3 X 34) F, (25-1) 

7.7 

5-9 

10 

1 

10 

3 

I 



Pure No. 34 

7.4 

6.2 

_J 

3 

2 

1 





In 1916, it will be observed that the average height of the F3 is prac- 
tically the same as the taller parents. The coefficient of variation of the 
hybrid population is greater than that of the populations of either parent 
but the average coefficient of variation of the hybrid cultures taken 
separately was not significantly below that of the pure cultures. 

The distribution of the heights of the individuals of the Fg popula- 
tion and the parental cultures and also of the means of the separate cul- 
tures are given in table 45. 

Whereas the ranges of the hybrid populations extend beyond the limits 
of the parents, this is here not surprising considering the much larger 
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Table 45 

Heights in centimeters in (3 X 34) igi6. 


Distribution of individuals 


Distribution of means 
of cultures 




1^3 




pa 







Ilia 

iR!! 


liira 


i|yt| 

iigr»j 





























































Bj 
















n7*i 


















E M 




















IQ 


B9 







H 





numbers used. It is interesting, however, to note that 17 hybrid cul- 
tures had average heights higher than the highest average for the par- 
ental cultures. 

Table 46 shows the distribution of the groui>ed according to the 
selected Fa parents. In table 47 the is grouped according to the 
means of the F3 cultures. Table 46 shows a definite correlation between 
the height of the selected Fo parent and the mean of the F.-j classes, but 
there is a strong regression, especially in the higher groups. The F2 se- 
lections, it may be noted, covered practically the entire range of the 
Fa population. The distribution of the parents in the F3 groups of 
cultures having equal means, was not greater than the normal distribu- 
tion of individuals in a pure culture. They could therefore be assumed 


to be modifications (environic) of genetically equivalent individuals. 

Table 46 

Heights in centimeters in {3 X 34) F3, igi6. 
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Table 46 (continued) 

Heights in centimeters in (5 X 34) F*, 1916, 


Number 

Mean 

Average 


Distribution 

variation 

of coefficients of 
of Fs cultures 

of cultures 

of Fs 

C. V. 
per cent 

3 

4 

5 7 

6 8 

9 II 

10 12 

13 15 

14 16 

(44-2) j 








I 

107 

16.0 





I 

, 8 

125 

5.8 

3 

2 2 


I 


16 

130 

6.3 

3 

8 2 


1 2 


23 

137 

6.4 

3 

12 5 


2 

I 

2 

132 

__7o 


I I 




(25-1) 





122 

6.3 

1 

I 2 




22 

130 

6.3 

I 

15 3 


3 


22 

133 

5.6 

7 

9 5 


I 


2 

136 

4.0 

I 

I 





Table 47 


Heights in centimeters in (3 X 34) ^'s, 1916, 


Cultures 


I Arrangement of F3 individuals grouped || Distribution of 
I according to means of Fs culture 1 1 selected Fa parents 
I 69 79 89 99109119129139114911591169112911391149159116^ 

I 60 70 80 90 100 no 120 I3o|i4oji5o|i6o |i2o]i30 140 i5oji6o|i70 


(44-2) 
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Table 47 (continued) 
Heights in centimeters in {3 X 34) Pt* 


Cultures 

Mean of 

F. 

Average 

1 C. V. 

Distribution of coefficients of 
of variation of Fs cultures 

' 3 

4 

5 

6 

1 2 

1 ^ 

1 ^ 

1 

11 

12 

1 

1 14 

15 

16 

(44-2) 










I 

107 

16.0 




1 



1 

2 

1 18 

6.0 

i 

2 






16 

123 

7.6 

2 

3 

6 

2 

2 


1 

22 

134 

6.0 

I 

16 

3 

2 




8 

147 

4.5 

6 

I 

I 





I 

153 

50 


I 






(25-0 










I 

120 

47 o 

I 







21 

126 

6.2 

2 

12 

6 

I 




24 

135 

5.8 

6 

12 

3 

3 




4 

142 

5‘3 

2 

I 

I 






Summary; height 

The number of Fj plants grown were too small to give significant re- 
sults except in the case of the i X 35 and 3 X 35 crosses. In both of 
these cases the Fj averaged taller than the tall parent. In the other two 
cases the F^ was intermediate. In the two macaroni — ^bread wheat 
crosses (i X 35 1X3) the F2 and F3 averaged below both pa- 

rental races. In the two bread wheat crosses (3 X 34 and 3 X 35 ) the 
Fj averaged taller than either parent and the Fj of the 3 X 35 cross 
was taller than either parent, but in the 3 X 34 cross the average of the 
Fg was I cm shorter than the taller parent. The distribution of heights 
in F^ did not go significantly beyond the limits of the parental cultures 
in any case except that of 3 X 35 in which the whole distribution was 
pushed upward about 24 cm. The range of distribution of the indi- 
vidual heights of the Fj and Fg in neither case of the macaroni — ^bread 
wheat crosses extended significantly above that of the parents, but in 
both cases extended markedly below the parental range. On the other 
hand in the bread wheat crosses the range in both cases extended dis- 
tinctly above, but not significantly below, the parental ranges in Fg of 
both crosses and the Fg of the 3 X 35 cross, but in the Fg of the 3 X 34 
cross it did not extend significantly either above or below the parental 
range. The same observations made with reference to the distribution 
of the individual heights of the Fg and Fg of both kinds of crosses also 
apply with perhaps greater emphasis to the distribution of the means 
of the Fg and Fg cultures taken separately. 

Now, referring to the appropriate tables, note that the average height 
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of in one of the si>ecies crosses (macaroni — bread wheat) was above 
the tall parent and in the other intermediate between the parents. We 
must therefore assume that the maximum heterozygosity of these crosses 
will give plants at least taller than the low parent. In both the Fg and 
F3 of these crosses, however, the average F2 and F3 height was below the 
parent. We are therefore compelled to conclude that recombination and 
not antagonistic heterozygosis is the cause of the low averages of the 
F2 and Fg. A complete double set of macaroni factors, a complete 
double set of bread wheat factors, or the combination of one complete 
set of factors from each species, was able to produce a plant of standard 
vigor, but a large majority of the recombinations of these factors where 
a complete set from one of the species was lacking, resulted, through 
failure of coordination, in the production of plants of reduced vigor. 

Now it should be noted that no F2 plant, tall because it was com- 
pletely heterozygous, could give rise to an Fg culture which had a high 
average height, for the reasons above given. Hence the majority of 
tall Fg cultures must have arisen from F2 plants, tall because they were 
genetically completely, or nearly completely, like one of the parents. Now 
this is in harmony with the fact (see tables 22 and 31) that the taller 
Fg cultures were markedly less variable than were those with a less aver- 
age height. Now let us remember that the completely heterozygous Fj 
plants of the i X 35 cross were tall plants with wrinkled seeds. If we 
examine the F2 plants selected and pick out all of those which were 
taller than the average of the low parent and which also had wrinkled 
seed, thus again resembling the Fj plants we find that the average height 
of the Fg cultures arising from these were no cm with an average co- 
efficient of variation of 19.5 i>ercent, whereas the average height of the 
offspring of all of the remaining selected F^ plants taller than the aver- 
age of the low parent was 123 cm with an average coefficient of varia- 
tion of 1 4. 1 percent. Again, if we pick out all of the selected Fg plants 
which were taller than the average of the low parent and which also had 
smooth seeds, thus resembling one or the other of the parents, we find 
that the average height of the Fg cultures arising from these was 126 
cm with an average coefficient of variation of 12.6 percent. 

A similar study in the 1X3 cross gave for the F^L-like Fg plants Fg 
cultures with an average height of 131 cm and an average coefficient of 
variation of 12.9 percent, whereas the parent-like Fg plants gave Fg 
cultures with an average height of 143 cm and an average coefficient of 
variation of 6.6 percent. 

While these facts coincide completely with the assumptions above 
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made, the story does not end here. Returning to the i X 35 cross we 
found that there were 30 tall Fj-like Fj plants and 73 tall parent-like 
F2 plants. If now we cast the F^ cultures arising from these two groups 
respectively into subgroups arranged according to the average heights 
of the Fg cultures and find the average coefficients of variation of each 
subgroup we may tabulate the results as in table 48. 


Table 48 

Average heights of Fa cultures in centimeters. 




70 1 
79 

80 1 
89 

90 1 
99 

100 1 
109 

no 1 
119 

120 1 
129 

i 130 1 
139 

140 1 

149 

150 

159 

30 Fa cultures from tall Fa plants hav- 
the wrinkled seed (Fi-like F 
plants) 

Distribution of 
heights 

I 

2 

3 

6 

8 

5 

5 



Average coeffi- 
cients of variation 

30.0 

26.0 

237 i 

20.5 

18.5 

16.2 

16.0 

! 

5 


73 Fg cultures from tall Fa plants hav- 
ing smooth seed (parent-like Fa 
plants) 

Distribution of 
heights 


I 


5 

12 

27 

20 

lO.O 

I 

Average coeffi- 
cients of variation | 


23.0 

16.0 

15.6 

137 

13.8 

9.4 1 

5.0 


With these results we must conclude that we have not yet succeeded 
in separating out genetically equivalent groups and that those Fy plants 
which gave rise to tall Fg cultures are genetically more nearly homozy- 
gous or else we must postulate some other cause for the suppression of 
variability in the taller Fg cultures. This last analysis in no way inter- 
feres with the conclusions already drawn, for it clearly shows that in 
Fg subgroups of equal height, those cultures arising from Fj-like plants 
were always more variable than those which came from parent-like 
plants. 

Now turning to the bread wheat crosses we note that the average 
coefficients of variation of the Fg and Fg generations were in no case sig- 
nificantly higher than that of the most variable parental culture (see 
tables 33, 35, 40, 44). If, however, we consult tables 38 and 47 we 
shall observe a distinct lowering of the variability of the taller cultures. 
Let us also remember that the Fi, Fg and Fg of the 3 X 35 cross all 
averaged taller than the tall parent and note (table 38) that the reduc- 
tion of the variability of the taller Fg cultures wals uniform, whereas the 
Fj of the 3 X 34 cross was intermediate, the Fg taller and the Fg again 
intermediate, and while the reduction in variability of the Fg cultures 
(table 47) was still apparent (with the exception of i erratic extreme) 
there was some indication that the intermediate Fg classes (Fi-like) 
had a tendency to be a little more variable. There .appears, therefore, to 
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be two conflicting forces at work, one (heterozygosis) tending to make 
the cultures arising from the Fi-like F2 plants more variable, and another 
which tends to suppress variability in the taller cultures. 

A means of testing for the presence of a factor suppressing variabil- 
ity, which is independent of heterozygosity, is found in the ¥2 cultures 
which came from supposedly genetically equivalent Fi plants. In the Fg, 
the means and variabilities of the several cultures from any given cross 
should be the same. Where slight differences occur, they are in all prob- 
ability environic. Nevertheless if the cultures be grouped according to 
these slight differences in the Fg means, and the average coefficients of 
variation of these groups calculated, if there be a factor suppressing vari- 
ability in the taller groups it should become apparent, provided there is 
a sufficient number of F^ cultures to give valid averages. Such an analy- 
sis of the Fa hybrid cultures for 1915 is given in table 49. 


Table 40 

Correlation between average height and coefficient of variation in IK hybrids. 





1 Average heights, 1915 



Total 

ICO 

no 

120 


140 

150 


1 

number 

109 

1 19 

129 

139 

149 

159 

(I X- 3 S) F: 

Number of cultures 

38 


4 

30 

4 




Average C. V. 



19.2 

19.0 

18.9 



(i X 3 ) F;, 

Number of cultures 


^ i 

I 

I 

I 




Average C. V. 


285! 

20.2 

10.4 1 

14.5 



(3 X 34) F, 

Number of cultures 

6 


i 



2 

4 


Average C. V. 






5.5 

4.8 

(3 X 35 ) F, 

Number of cultures 

i8 




I 

9 1 

8 ‘ 


Average C. V. 


i 

! 

1 

7.0 

5-9 1 

6.0 


The differences, while not large, are as uniform as could l>e expected 
from such small numbers and indicate the presence of a suppression 
factor of some sort which slightly reduces the variability of the taller 
cultures. 

The presence of this suppression factor for variability in the taller 
cultures is even more strikingly shown in the pure races. Grouping the 
cultures according to their means (without regard to year in which they 
are grown) and calculating the average coefficient of variability for each 
group we have the result shown in table 50. 

Having now shown that there is a factor which, independent of 
heterozygosity, may suppress the variability of the taller cultures, we may 
conclude as follows: 

(i) Some factor for suppressing variability has been able to com- 
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Table so 

Correlation between average height and coefficient of variation in pure races. 




Total 

number 

1 Average height 

no 

1 19 

120 

129 

130 

139 

140 

149 

150 

159 

Pure No. I 

Number of cultures 
Average C. V. 

16 


2 

7.5 

4 

7.5 

6 

6.5 

4 

5-5 

Pure No. 35 

Number of cultures 
Average C. V. 

8 

3 

6.7 

3 

6.7 

I 

6.4 

I 

3.9 


Pure No. 3 

Number of cultures 
Average C. V. 

6 


2 

i 7.5 

3 

5.6 

I 

4.2 


Pure No. 34 

Number of cultures 
Average C. V. 

6 

I 

6.9 

4 

6.1 



I 

4.8 




pletely mask the effect of heterozygosity in a cross where the Fg and 
Fj cultures averaged taller than the tall parent (3 X 34). 

(2) This same factor has largely suppressed, but not entirely masked, 
the variability due to heterozygosity in a cross where the F2 and Fg 
cultures were approximately as tall as the taller parent (3 X 35)- 

(3) The factor for the suppression of variability in tall cultures is 
apparent in crosses where the averages of the Fg and Fg cultures are 
below those of the low parent, but was in no case able to obliterate the 
effect of heterozygosity (see i X 35 and i X 3)- 

The question as to the nature of this suppression factor will be re- 
served for future discussion. The fact that the average variability of 
the Fg and Fg cultures was not significantly higher than that of the pure- 
line parents in the bread wheat crosses might be cited as showing that 
a blending inheritance has occurred with the production of a single new 
race no more variable than the most variable of the parental races, 
were it not for the fact that tables 37 and 46 show a definite positive 
correlation between the height of the Fg parents and the means of the 
Fg cultures derived therefrom. A distinct segregation occurred in the 
formation of the gametes of the Fj plants whereby the Fg plants were 
different genetically and exhibited these differences in the means of 
their offspring, thus giving rise, not to one race, but to a number of 
distinct races. The theoretically expected greater variability of the Fg 
and Fg cultures are simply here suppressed, but in the macaroni — ^bread 
wheat crosses where this suppression factor was ineffective in masking 
the variability due to heterozygosis the variability of the Fg and Fg 
cultures in all cases averaged markedly above that of the pure-line par- 
ents. 

In the Fg of all crosses, cultures were secured having the parental 
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types both as regards average height and variability. In the bread wheat 
crosses the average variability of the F3 cultures was slightly larger than 
that of the Fo cultures in both cases. This is in accordance with the 
circumstance that in both, the average height of the F2 cultures was 
markedly greater than that of the F3 cultures and thus called into mpre 
active effect the variability-suppressing factor already shown to influ- 
ence the taller cultures. In the macaroni — ^bread wheat crosses, on the 
other hand, the average height of the Fo was greater than that of the 
Fg in one case and less in the other, but still the average variability of 
the Fg cultures was markedly above that of the Fg cultures in both cases. 
This is in harmony with the fact pointed out above that the variability- 
suppressing factor visible in all of the crosses was not sufficient to mask 
the influence of heterozygosity in macaroni — bread wheat hybrids. 

Finally we may conclude that all of the facts observed in the study of 
the inheritance of height in the wheat crosses here considered are in 
harmony with the hypothesis of the segregation of a number of simple 
^lendelian unit characters and that there is present some factor (as yet 
unknown) which suppresses variability in the taller cultures of both 
pure lines and hybrids and that this factor is sometimes able to com- 
pletely mask the variability which would normally be produced by 
heterozygosity. 


WIDTH OF LEAF 

In the following study of the inheritance of width of leaf in wheat 
hybrids, all measurements are given in millimeters. Averages are there- 
fore given to the nearest millimeter. 

Macaroni (No. i) X Sonora (No. j?5) 

No pure No. 35 was available for comparison in 1914. The data 
with reference to the pure No. i and the F^ hybrid plants are given in 
table 51. 


Table 51 

Width of leaf in millimeters (i X 35) Pu 19 14* 



Number 


Distribution 

of 

individuals 



, 1 

Aver- ] 

Coefficient 


of plants 

I 3 ti 4 i 

IS 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

age 

1 of variation 

Pure No. i' 


2\ I 

1 

3 

11 

II 

19 


24 

32 

5 

10 

3 

3 

I 

20 

1 13 

(I X 3 S) F, 

39 

1 



2 

I 


4 

4 

8 

9 

9 

I 

I 


22 

1 9 


We will here pause only to notice that both the range and variability 
of the pure No. i were greater than for the hybrid. The average leaf 
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width for the hybrid was greater than for the pure No. i, but since the 
No. I is here the more narrow-leafed parent we have as yet no indica- 
tion as to whether or not we are dealing with imperfect dominance or 
hybrid vigor. 

In 1915 there were available for comparison 4 cultures of No. 35, 9 
cultures of pure No. i and 37 cultures of the (i X 35) Fj. A summary 
of the.se data is presented in table 52. 


Table 52 

Width of leaf in (/ X 35 ) Pi, 19 I 5 - 



Number of 
head rows 

Total num- 
ber of plants 

Average 
width of 
leaf 

Coefficient 
j of variation 
of the 
population 

Average 

C. V. of 
cultures 

Pure No. i 

9 

651 

17 

130 

10.3 

(I X 35 ) F,... 

37 1 

2537 

15 

30.2 

29.3 

Pure No. 35... 

4 

169 

20 

13.5 

130 


Distribution of coefficients of variation 



The average of the hybrids is below that of either parent. The stan- 
dard deviations of the populations are greater than the averages of the 
standard deviations of the separate cultures making them up, and the 
variability of the hybrids is much greater than that of the pure cultures. 
All hybrid cultures were more variable than the most variable pure 
culture. 

Table 53 gives the distribution of the several populations and the 
distribution of the means of the cultures. 

Studying these distributions we note that there were 16 hybrid plants 
having leaves wider than the widest individual of the widest-leaved 
parent, but there was no hybrid culture averaging as wide as the most 
narrow average for Sonora, the wider-leaved parent. On the other 
hand more than half of the hybrid cultures averaged lower than the 
lowest average of any macaroni head-row and there were I 2 i hybrid 
plants having more-narrow leaves than the narrowest-leaved individual 
of the mac^oni parent. 




I Distribution of means 

Distribution of widths in individuals . of cultures 
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Referring to table 51 it will be observed that there was considerable 
variation in the width of leaf of the Fj plants. Table 54 groups the 
1915 Fg plants in accordance with the leaf width of their F^ parents 
in 1914. 

A glance at this table is sufficient to show that there is no correla- 
tion whatever between the parental leaf width in 1914 and the average 
leaf width of the offspring in 1915. We may therefore conclude that 
all of the variation observed in the F^ plants was nutritional and that 
they were all equivalent genetically so far as the factors governing width 
of leaf were concerned. 

From these Fg hybrids 230 selections were made which gave rise to a 
like number of Fg hybrid cultures in 1916. For comparison with these 
there were available seven head-rows of No. i and five head-rows of 
No. 35. The selected Fg plants used as parents ranged in width of leaf 
from 10 to 35 mm. The very wide-leaved individual was very striking 
in appearance and was nearly sterile. Table 55 gives a first summary of 
the results in 1916. 


Table 55 

Width of leaf in millimeters in (r X 35) P3, 1916. 



1 



Coefficient 

Average coeffi- 

Class 

1 Number 

Number of 

Average 

of variation 

cient of vari- 

1 of cultures 

individuals 

width of leaf 

in the 

ation of sepa- 


1 



population 

rate cultures 

Pure No, i. . . 

7 

344 

' 16 

12.0 i 

10. 1 

(i X 35) 

230 

IO 123 

; 15 

249 

20.9 

Pure No. 35.. 

5 

246 

1 17 

15.2 I 

14.0 


Distribution of coefficients of variation 


Class 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 i 

28 

29 

30 

3 i| 33 l 

32134 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 ] 

48 

49 

50 

51 

52 

53 

54 

Pure No. i 


m 










Hi 

■ 




■ 

■ 

■ 

■ 

■ 

■ 

(i X 35 ) Fj 












BB 

B 


3 


1 

1 

1 

1 

1 

fl 

Pure No. 35 












BB 

1 




1 

1 

1 

1 

1 

1 


The average for the hybrids is less than either of the parents; in 
every case the coefficient of variation of the population is greater than 
the average for the pure cultures of the same class and the coefficient of 
variation for the hybrids is greater than for either parent. The coeffi- 
cent of variation both for population and average of cultures among the 
hybrids was lower in 1916 than in 1915. This was also true of the pure 
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cultures, and therefore may be in part environic. One thing, however, 
remains to indicate progressive increase in homozygosity among the 
hybrids. This is the much greater difference in the coefficient of varia- 
tion of population and average of cultures, which was apparent in 1916. 

Table 56 shows the distribution of the populations of pure cultures 
and hybrids of this cross in 1916. 

The hybrid population shows a distribution far beyond both extremes 
of the parents. This is also true of the means of cultures. Part of this 
greater distribution is of course due to the normal extension of the 
curve from the much larger number of hybrids grown. That the curve 
of variation is more flat, however, is shown by differences in the shapes 
of the curves of variation which are rendered comparable by reducing 
each group class to a percentage of the total number in the population 
and disregarding all percentages less than one-half of one percent and 
expressing all percentages to the nearest integer (see table 57). 


Table 57 

M'idlh of leaf in milhmeters in (i X 3) F,, igi6. 



1 5 

1 6 

7 

1 8 

9 

10 

II 

12 

13 

14 


16 

17 

l8\ 

19 

20 

21 

22 

[23 

| 24 | 

!25 

Pure No. i 








4 

7 

14 

15 

23 

17 

12 

6 

3 






(i X 35 ) Fa 

I 

1 

I 

i 2 

2 

4 

6 

II 

9 

12 

11 

II 

8 

7 i 

4 

4 

2 

I 2 




Pure No. 35 

L 







2 

4 

|io 

14 

20 

II 

12 

7 

9 , 

4 

1 7 

I I 

1 



When reduced to equal areas the ix)lygon of the F., hybrid distribution 
is thus seen to be limited by a curve much more flat and with more ex- 
tended limits than either of the parent races. This indicates that the 
extension of the range of variations of the F,, hybrids over the parental 
races is genetic. This is further shown in table 58 where F.., cultures 
are thrown into groups or populations in accordance with the leaf width 
of the selected Fg parental plants. 

Though somewhat erratic at the extremes, these results show a very 
definite genetic segregation of leaf width in the F, as exhibited by the 
means of their offspring. The distribution of the means of the cultures 
in each of these groups is shown in table 59. 
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Width of leaf in millimeters in (i X 35) 191 ^ 9 f the Ft parents. 


Number 
of cultures 

Leaf width 
of parent 

2 

3 ^ 

4 

5 

6* 

7 

8 ^ 

9 


II 

8 

29 

30 

31 

35 











+ 

0 






3 

10 


3 

2 

3 

2 

8 

8 

10 

18 

20 







1 










4 - 






2 

11 


1 




I 


3 

10 

4 






4 

12 


1 

4 

3 

j 

3 


7 

3 

1 

16 

14 

23 






14 

13 

I 

9 

1 

lO 

14 

. 

10 

15 

13 

32 

44 

79 






lO 

14 


I 

I 

2 

2 

3 

6 

II 

30 

51 






23 

15 

! 

I 

5 

3 

4 

16 

|24 

34 

79 

00 






19 

i6 


I 

3 

6 

4 

14 

il 4 

33 

36 

51 






24 

17 

I 


7 

II 

10 

24 

19 

31 

|S 3 

92 

1 





28 

i8 


|8 

2 

1 

6 

i 7 

17 

24 

16 

I57 

I81 




1 


12 

19 


1 

1 

1 I 

4 

5 

8 

5 

1 

12 

20 

23 

\ 



1 1 


32 

20 


2 

l' 

2 

3 

10 

1 

12 

1 

24 

36 

54 




1 > 


22 

21 



2 

I 

2 

15 

|I0 

II 

28 

33 

\ 





13 

22 

I 

3 

1 3' 

3 

I ^ 

4 

4 

9 

14 

|i 5 

i’ 





4 

23 







2 

I 

1 

' 5 

2 






8 

24 

1 

I 

2 

T 

4 

I ^ 

5 

II*) 

3 

I13 

|io 






7 

1 

25 


|3 

1 

2 

! > 

4 

I 

2 

5 

! 6 

1 ^ 



I 



1 

26 


1 



1 



1 

1 I 







I 

27 



! 



1 . 

1 

1 2 

1 2 

' 7 






2 

28 




j 




1 2 

I 

I 

• 








1 

1 













I 

35 


J 

M 

1 


1 


1 


2 

. _ 



I 1 


+, leaf width of parent ; O, mean of Fs groups. 
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Table 59 

Width of leaf in millimeters in (i X S3) igi6, Disirihution of means of F, 
cultures grouped according to the leaf width of the parents. 



This table exhibits even more plainly than the preceding the correla- 
tion between the parental leaf width and the mean leaf width of the 
offspring. 

In order to determine whether the offspring of narrow-, medium-, 
and wide-leaved mother plants exhibited any definite difference in 
their variability table 60 was constructed. 

There is shown here an irregular but still evident diminution of vari- 
ability among the offspring of the wider-leaved parents. 

It may be suggested, moreover, that since width of leaf is highly in- 
fluenced by the environment and there is therefore a strong regression 
of the mean of the offspring of extreme variants toward the general 
mean of the population, we may get a better idea of the segregation of 
leaf-width factors, by grouping the F3 cultures according to their own 
means and l^en calculating the variability of these groups and observing 
the distribution of the parents which gave rise to them. We thus 
measure backward, determining the range of environic modification of 
individuals which are able to give rise to genetically equivalent prog- 
enies. 
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Width of leaf in millimeters in (/ X 35) Fs, 191^- Distribution of coefficients of variation of F3 cultures 
grouped according to the leaf width of the F, parents. 
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Table 6i 

Width of leaf in millimeters in (i X 35) Fa, 1916. Distribution of individuals grouped according to the means of the F, 

cultures, O = mean of group. 
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Geo. F. Freeman, The heredity of quantitative characters in wheat 
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It is interesting to note in table 6i that practically all of the curves 
of group distribution are skew, i.e., they slope more abruptly toward 
the upper limit. 

While the parental groups in table 62 exhibit considerable range, a 
comparison of tables 62 and 56 will show that this is not wider than 
occurs in the nutritional variations of a pure line. 

Algerian macaroni {No. i) X Algerian red bread {No. j) 

For this cross the Fj, grown in 1914, had too few individuals to give 
significant results. As a matter of record, however, the results ob- 
tained are given in table 64. 


Table 64 

Width of leaf in millimeters in (i X 3) Fit ^9^4* 


Class 

Number 
of plants 

13 

14 

iSj 

16 

1 


I 

I 

I 

22 

1 




27J 

Average 

Pure No. i..,. 

151 

2 

B 

I 

3 

D 

B 

B 

m 

m 

32 

B 





20 

(I X 3) 

S 

I 

i 


I 

1 

1 

1 

B 

B 


E 




ij 

21 

Pure No. 3.... 

3 


1 



■ 

B 

1 

B 

B 


B 





20 


From this material there were grown in 1915, 9 plant rows of No. i, 
six plant rows (two being taken from one of the mother plants) of 
1X3 and one plant row of pure No. 3. 

Table 65 summarizes the results obtained. 


Table 65 

Width of leaf in millimeters in (i X 3). F->, 1915. 


Class 

Number of 
cultures 

Number of 
individuals 

Average 

width 

Coefficient of 
variation of the 
population 

Average C.V. 
of separate 
cultures 

Pure No. i. , . . 

9 

651 

17 

130 

10.3 

(I X 3) F,.... 

6 

406 

14 

27.6 

25.8 

Pure No. 3 

I 

42 

16 

1 1.2 

11.2 


Distribution of coefficients of variation. 
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The average, leaf width of the hybrids is below that of either parent. 
The coefficient of variation of the populations are greater than the aver- 
ages of the separate cultures and the variation of the hybrids is greater 
than that of the most variable pure culture. 

Table 66 gives the distribution of the individuals of the several popu- 
lations and the distribution of the means of the separate cultures. 


Table 66 

Width of leaf in millimeters in (I X 3) F2, 1915- 


Class 

li 

Is 

1 ^ 

[7 

[8 

h 

[10 

lii 

lii 

lis. 

lii 

L'-S 

li^ 

17 

18 

19 


m 

m 

m 

m 

m 

Pure No. i 





2 

I 

2 

I 

2 

6 

28 

62 

75 

117 

130 

107 

78126 

II 

3 




(i X 3) F, 

2 

I 

3 

7 

15 

13 

20 

30 

30 

33 

37 

49 

44 

32 

30 

17 

I 9 | 9 

6 

4 

I 

3 

I 

Pure No. 3 









I 

I 

2 

7 

II 

8 

9 

I 

M I 







Distribution of means of cultures. 


Class 


1 13 


1 iS 

16 

|J 7 _ 

1 18 

1 

Pure No. i 

(1 X 3) F, 

Pure No. 3 


! 3 j 


! 2 

4 

I 

I 

1 I 

1 ^ 

1 ^ 


We first note that, notwithstanding the fact that there were nearly 200 
more individuals in the population of No. i than in the hybrid popula- 
tion, still the range of leaf width among the hybrids extended markedly 
beyond the range of pure No. i in both directions, and this in spite of the 
fact that no single hybrid culture averaged greater than the narrowest- 
leaved culture of pure No. i. 

Now analyzing the relation of the Fg hybrid cultures to their (Fj) 
parents we find that there is a possibility that there were some differ- 
ences in the genetic constitution of the Fj plants inasmuch as the nar- 
row-leaved parents produced offspring with a lower average leaf width 
than did the wider-leaved parents. This is shown in table 67. 
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Now grouping these cultures according to their mean in I 9 IS» table 
68 gives the average and distribution of the coefficients of variation of 
these groups. 


Table 68 

Width of leaf in millimeters in (1X3) F2. 1915- 


Number 
of cultures 

Average 
leaf width 
of culture 
in 1915 

Average 
coefficient 1 
of variation 

Distribution 
C.V. of 
cultures 

of 

21 

22 

23 

24 

25 

26 

27 

28 

29 

3 

13 

26.7 



2 


I 

2 

15 

26.5 



I 

I 


I 

16 

22.0 

I 






The coefficients of variation here show a strong decline in variability 
in the wider-leaved cultures. 

In 1916 there were available for comparison 7 cultures of pure No. 
I, 5 of pure No. 3 and 57 cultures of the F3 hybrid i X 3- Table 69 
summarizes the results obtained. 


Table 69 

Width of leaf in millimeters in (i X 3) 1916. 


Class 

Number 
of cultures 

Total 
number 
of plants 

Average 
leaf width 

Coefficient 
of variation 
of the 
population 

Average C. V. 
of separate 
cultures 

Pure No. I 

7 

344 

16 

12 0 

lO.I 

(I X 3) F, (33-1) 

9 


12 

21.3 

18.1 

( 1 X 3 ) F. (49-7) 

8 

36s ! 

13 

24.1 

21.4 

(i X 3) F, (32-1) 

40 

1763 

13 

26.5 

20.9 

(I X 3) F, (Total) 

57 

1 2 S 34 

13 

25.3 

20.5 

Pure No. 3 

5 

243 

14 

12.2 

1 1.4 
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Distribution of individuals 



(I X 3 ) Fa (33-1) • 
(t X 3) F, (49-7). 
(I X 3) F, (32-1). 
(i X 3) F, (totals) 
Pure No. 3 
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A study of tables 69 and 70 will show that it is not worth while to 
treat separately the 1X3 hybrids originating from the different origi- 
nal pollinations, since their means and distributions were practically 
equal. They will therefore be treated together hereafter. 

In table 69 we observed that the average leaf width of the hybrids was 
below both the parents. The coefficient of variation was, however, as 
usual, markedly higher for the hybrids. From table 70 we note that the 
hybrid range in leaf width extends from a single case markedly above 
both parents to plants with almost filiform leaves. The different hybrid 
groups show practically the same behavior. Whereas 3 hybrid cultures 
showed as little variability (coefficients of variation) as the least vari- 
able parental culture, more than half were more variable than the most 
variable parental culture. 

There were 8 hybrid cultures whose mean leaf widths were as great 
or greater than the mean for the wider-leaved parent. It is, moreover, 
interesting to note that from the hybrids of parents differing, on the 
average, only 2 mm in leaf width, there have segregated out races whose 
average leaf width differs by 9 mm. The fact that a large part of the 
differences in leaf width observed in the Fg generation were genetic, is 
shown in table 70 which exhibits the Fg cultures grouped according to 
their parental leaf widths. 

There is a distinct correlation between parental leaf width and the 
mean of the offspring. Whereas the means show a marked range of 
distribution in each of the parental groups, this range is never wider 
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Tabu 71 

Width of leaf iu mUlmeters in (x X 3) F,, xpxd. 

Fj individual plants grouped according to the heights of Fj parents 




+ = leaf width of parent 0 ^ average leaf width of offspring 
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than the fluctuations of the individuals of a pure line. The coefficients 
of variation (see table 72) show a distinct though irregular decline to- 
ward the wider-leaved parental groups. 


Table 72 

Width of leaf in millimeters in (1 X 3) Pz, 1916. Coefficients of variation of cuU 
lures grouped according to the leaf width of the Ft parents. 



This study of variation is made much more distinct by regrouping 
the F3 cultures according to their own means in 1916, as in table 73. 


Table 73 

Width of leaf in millimeters in (i X 3) F^, 1916. Distribution of Fa individuals grouped 
according to the means of the Fz cultures. 
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Table 74 

Width of leaf in millimeters in (i X 3) Pt, 1916. 






Coefficients of variation of Fa cultures 



Number 

Mean of 

I 

grouped according to the means of the 
Fa cultures 


Average 

C V. of 

of cultures 

F, cultures 

9 

II 

13 

15 

i 7 | 

19 

21 

| 23 | 

25 

27 

129 

31 

33 

35 1 


37 

group 



10 

12 

14 

16 

18 

20 

22 

24 

26 

|28 

30 

32 

34 

36] 


38 


I 

9 













I 




330 

4 

10 





I 

I 


I 








I 

29.8 

8 

TI 






I 

I 

2 

I 


I 

I 


I 



26.1 

13 

12 

I 

I 

2 

I 


2 



3 

2 






I 

21. 1 

10 

13 




I 

3 

I 


3 

I 


I 






21.2 

10 

14 

1 



3 

2 

2 

I 



I 


I 





19.9 

3 

15 

I 

I 

I 











1 



11.7 

4 

16 

I 

I 

I 



I 

1 




1 

1 


i 




130 

2 

17 

I 








I 








17.5 

2 

18 

2 

1 




i 








i 



10.0 


A Study of table 74 shows very plainly that there is a distinct and 
marked segregation of leaf-width factors in the Fg which gives rise to 
Fg cultures whose averages reach or exceed the parental means in both 
directions. As measured by the coefficient of variation, the variability 
of the hybrid cultures clearly decreased as the average leaf width in- 
creased. Does this mean that the wide-leaved cultures are more nearly 
homozygous (on the average) than the narrow-leayed segregates? If 
this were true it would follow that the factors tending to increase leaf 
width are recessive and that the genetically narrow-leaved plants were 
so on account of dominant inhibitors. This idea is, however, not sup- 
ported by the fact that the leaf width of the F^ plants (see tables 51 
and 54) which had the maximum of heterozygosity, has leaf widths 
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averaging as high or higher than either parent. If leaf-width inhibiting 
factors are dominant the maximum narrowness should occur in the 
plants. If on the other hand these factors exhibited imperfect domi- 
nance one would expect the medium races to have a higher variability 
than those approaching the extremes. Such, however, is not the case. 
We must therefore seek elsewhere for the explanation of this decrease 
in variability as the average leaf width of the cultures increases. 

Inheritance of leaf width in bread wheat crosses, Sonora {No. 55) X 
red Algerian bread wheat {No. j) 

As previously mentioned no pure No. 35 was available for compari- 
son with the Fi generation in 1914. A comparison of the leaf width of 
pure No. 3 with the (3 X 35) Fi hybrid plants is given in table 75. 


Table 75 

Width of leaf in millimeters in (3 X 35) Fi, I9i4> 



Number ^ 
of plants j 

18 

19 

20 

21 

22 

23 

24 

25 

26 

1 Average 
! leaf width 

1 , ,, 

Pure No. 3 

3 

I 


1 I 



I 




20 

(3 X 35) Ft 

18 1 




2 

I 1 

\ 1 


1 4 

1 1 

1 

1 * ^ 

22 


While the numbers here given are too small to form the basis of defi- 
nite conclusions, they at least indicate that the F^ hybrids have leaves as 
wide as, or wider than, the parents. 

These 18 Fi plants gave rise to 18 plant rows of F2 hybrids in 1915 
and there were available for comparison with them i pure culture of 
No. 3, and 4 pure cultures of No. 35. The results may be summarized 
as in table 76. 

Table 76 

Width of leaf in millimeters in (3 X 35) F^, i9^5 






Coefficient 


1 Distribution 


Number 

Number of 

Average 

of variation 

C V of - 


of C.V. 



of cultures 

individuals 

leaf width 

of the 

culture*; 

7 

9 

II 

13 

15 





population 


8 

jio 

12 

14 

16 

Pure No. 3 

I 

42 

16 

1 1.2 

II.2 


i 

I 



(3 X 35) Fi 

18 

1620 

18 

13-9 

134 


I 

2 

12 

2 

Pure No. 35 

4 

169 

20 

13-6 

130 

I 

1 

j 

J 

I 

2 


The mean leaf width of the hybrids is intermediate between the par- 
ents. The average variability of the hybrids is only slightly above that 
of the pure cultures. 
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The distribution of the populations and means for this generation are 
given in table 77. 

Table 77 

Width of leaf in millimeters in (3 X 35) Fa, igis. 






















Distribution of 







Distribution 

of individuals 







means of culture 


6 

|7J 

8 

9 

10 

II 

|I2 

13 


IS 

Li^ 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

16 

17 

18 

19 

20 

21 

Pure No. 3 



1 




I 

I 

2! 

7| 

III 

8 

9 

I 

I 

I 






I 






(3 X 35) F. 

I 


3 

2 

3 


1 ^ 

17 

i74| 

113] 

[191 

256 

259 

225 

213 

127 

70 

31 

22 

5 




14 

2 



Pure No. 35 




I 



I 

I 

Ll 

2 

1 ^ 

16 

13 

19 

1 32j 

25 


11 

6 


2 


1 2 


I 

2 

I 


It is interesting here to note that the distribution of the means of the 
hybrids did not reach the extremes of the parents and that although the 
number of hybrids was many times that of No. 35, the range of varia- 
tion of the hybrids toward wide leaves did not exceed that of its broad- 
leaved parent. 

For the Fg of this cross there were available 5 pure cultures of each 
of Nos. 3 and 35, and 80 plant rows of (3 X 35) Fg. The hybrid Fj 
plants chosen for planting in the fall of 1915 included ii of the 19 
classes through which the population of F2 was distributed. A first 
tabulation of the results follows : 


Table 78 

Width of leaf in (3 X 35) Fa, 1916. 


Class 

Number 
of cultures 

1 

Number of 
individuals 

Average 
leaf width 

Coefficient 
of variation 
of the 
population 

Average 
coefficient of 
variation 

D 

9 

10 

istr 

1 

11 

12 

ibu 

C. 

13 

14 i 

ftio] 

V. 

15 

16 

n of 

17 

18 

Pure No. 3 

5 

243 

14 

12.2 

11.4 

3| 


n 

I 


(3 X 35) F, 

80 

3852 

17 

15.5 

12.9 

6 

29 

28 

II 

1 ^ 

Pure No. 35 

5 

246 

17 

15.2 

13.8 1 

J 

M 

1 3l 

2 



One is surprised to find here the mean of the Fg hybrids as high as 
the broader-leaved parent and the average coefficient of variation of the 
separate cultures of hybrids lower than that for the Sonora (No. 35). 

The distribution of the individuals in the populations of hybrids and 
pure cultures is shown in table 79. 

Table 79 

Width of leaf in millimeters in (j X 35) F#, Ipid. 


Pure No. 

(3 X 35) 
Pure No. 33 


Distribution of individuals 


10 


13 

30 

223 

10 


14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

13 

14 

15 

16 

17 

18 

li£l 

m 

54 

44 

7 

4 

2 







I 

3 

1 





303 

583 

554 

589 

1392 

392 

324 

207 


33 

14 

2 


4 

13 

20 

15 

20 

8 

1 24 

35 

48 

27 

1 30 

18 

21 

10 

16 

I 

i' 





* 2 

1 

2 



Distribution of mea 
of cultures 
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It is particularly interesting to note here that there were ten cultures 
with means higher than the highest mean for the wide-leaved parent. 
We have here a suggestion that if there be some force limiting variabil- 
ity in the wider-leaved races it would more strongly affect these wide- 
leaved hybrid cultures and thus aid in reducing the average variability of 
the group. In this connection it may be remarked that the average co- 
efficient of variability of these ten cultures is 11.4 percent, a figure well 
below the average coefficient of variability for pure No. 35, which is 13.8 
percent. 

It is also interesting to note that whereas in the macaroni — bread wheat 
crosses many cultures were grown, the average leaf widths of which 
were below that of the narrow-leaved parent, here we have no cultures 
lower, but there are eight above the wider-leaved parent. 

The segregation and recombination of characters by which these 
markedly different races were isolated is shown in table 82 where the 
Fg individuals are grouped according to the mean leaf width of the Fg 
cultures. 


Table 80 

Vidth of leaf in millimeters in X 35) Ft, igi6. Population grouped according to the leaf width of 

the Ft parents. 



This table shows a regular and nearly uniform correlation between 
the parental leaf width and the average leaf width of the offspring. The 
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one exception at the wide extreme came from plant No. 21-5-2-1, a 
plant which stood at the end of the row and was very likely an extreme 
variant of about the 18 class (see range of this class in table 80). 


Table 81 

Width of leaf in millimeters in (s X 35) Fs, 
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There is an indication of some decline in the coefficient of variation 
in the wider-leaved groups, but it is too much broken up by irregulari- 
ties to be of any particular significance. 

The study of variability of the F3 is better made, however, by re- 
grouping the F3 cultures in accordance with their own means. This is 
done in table 82. 


Table 82 

Width of leaf in millimeters in (3 X 33) Pz, 1916. Population grouped according to 
the average leaf width of the cultures. 



O — means of Fa groups. 
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Comparing tables 78 and 82 we note that, starting with cultures which 
differed on an average by 3 mm in leaf width, we have obtained cultures 
w^hose means differ by 6 mm. 


Table 83 

Width of leaf in millimeters in (3 X 35) 1916. parents of cultures grouped 

according to the means of the Fa cultures. 
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From table 83 we observe that the range of parents which may give 
rise to an offspring with a given mean is not greater than that of a pure 
culture. 

When the coefficients of variation are calculated we find an irregular 
but still quite definite decline toward the wider-leaved cultures as usual 
(see table 83). 

Algerian red bread {No. j) X early Baart (No. 34) 

This cross will be of special interest for comparison with the other 
crosses inasmuch as the two parents had practically the same width of 
leaf. The number of plants grown in 1914 are too small to furnish 
trustworthy averages but as a matter of record they may be given as 
follows : 


Table 84 

Width of leaf in millimeters in (3 X 34) X914. 
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Table 85 

Width of leaf in millimeters in (s X 34) Pz, 1915. 
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These 6 plants gave rise to 6 plant rows of Fg hybrids in 1915 
and there were available lor comparison i pure culture of each of Nos. 
3 and 34. Since the Fg cultures differed somewhat in accordance with 
the leaf width of the F^ plants, the records will be given in full rather 
than being summarized as usual (table 85). 

Here we have the average of the hybrids less variable than either 
parent. It should be observed that the one hybrid culture (No. 44-1) 
which was more variable than either parent had a mean lower than 
either parent and that the three cultures having means higher than either 
parent all had coefficients of variation well below either parent. The 
mean of all of the F2 was equal to the wider-leaved parent and the total 
range of the Fg was practically confined to the limits of the parental 
range. The means of the F2 cultures varied on either side of the par- 
ental means but in such cases kept their total range inside of the parental 
range by narrowing their own variability. 

In view of these rather marked discrepancies in the means of the Fg 
cultures subsequent study is confined to the progenies of but two F^ 
plants (44-2 and 25-1) and these are kept separate. 

In 1916 there were available for study 5 plant rows of each of the 
parental cultures, pure N0.3 and pure No. 34, selected from these strains 
of the previous season and for the hybrids 50 selections from the Fg of 
25-1 and 49 selections from the Fo of 44-2. 

Here the means of the hybrids are above the means of either parent 
but unlike the F2 the coefficients of variation are slightly above that of 
the parental cultures. In table 87 we note that some of the hybrid cul- 
tures were more and some were less variable than certain of the pure 


Table 87 

Width of leaf in millimeters in {3 X 34) Pz, 1916. Distribution of the populations and means 
of cultures of hybrids and parents. 
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cultures. The differences obtained are, however, not large enough to 
have any especial significance. 

In table 87, the most interesting feature is the distribution of the 
means. Here we have 46, approximately half, of the hybrid cultures 
with means higher than either of the parents. The same was true in 
the Fj cultures (see table 85), As regards height, it will be recalled 
that the hybrids of this class also averaged as high or higher than the 
taller parent. The fact that so many races had average leaf widths so 
strikingly above either parent would suggest recombination with the 
production of races beyond the extremes of the parent. This, however, 
is made very doubtful by a study of table 88. There the F3 cultures are 
grouped according to the leaf width of the F, parents. Moreover, seeds 
were planted from each of the plants of the Fj of the populations of the 
cultures concerned (25-1 and 44-2). If therefore the variations in leaf 
width of the Fj plants were partially genetic and partially nutritional 
(environic) the averages in the Fj groups should show a correlation with 
their Fo parents. 

We do not seem to have any correlation whatsoever between the leaf 
width of the parent and offspring. We may therefore conclude that so 
far as this character is concerned the Fg plants were all genetically 
equivalent and that all differences such as did arise were modifications. 

A study of the distribution of the means of the Fj cultures grouped 
according to their F2 parents also confirms the conclusions already 
drawn that the Fg plants were all equivalent genetically so far as leaf 




selected Fj parents. O = means of F# cultures. 
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width was concerned. However, both tables indicate that the strain 
originating from the original hybrid plant 25-1 had slightly broader 
leaves than that originating from the original hybrid plant 44-2. 


Table 89 

Width of leaf in millimeters in (3 X 34) F,, 1916. 

Population grouped according to the average leaf width of the F, cultures. 
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O = means of F, groups. 

In order better to study the variability of the Fj generation of this 
cross, the plants were regrouped according to the means of the F3 cul- 
tures in table 89, and table 90 gives the distribution of the Fj parents 
and the coefficients of variation of the F., cultures in the same grouping. 

The distribution of the F, parents in this arrangement appears en- 
tirely fortuitous without any correlation whatsoever with the means of 
the progenies to which they gave rise. These facts therefore form ad- 
ditional evidence that the Fg plants were all equivalent genetically and 
that all variations of individuals in the F2 or of means of cultures in the 
Fj were due to non-genetic factors. 

We are unable to detect any significant difference in the coefficients of 
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Table 90 

Width of leaf in millimeters in (3 X 34) K F., parents and coefficient of variation 

of Fa cultures grouped according to the means of the Fa cultures. 




variation of the several groups, whether they be observed from the 
standpoint of averages or distribution. If, however, the two groups be 
combined and the columns be made to include 2 mm range in leaf width 
as is done in table 91 (see row for (3 X 34) Fa), we see a slight but 
definite decline in variability toward the wider-leaved groups. 

Simwiary; undth of leaf 

In the 3 X 34 cross, the parents had essentially the same leaf width. 
The average of the Fi was a little below either parent, the Fo exhibited 
quite marked differences in the means of the different Fo cultures but 
the average of the whole F2 population was the same as that of the 
wider-leaved parent. In the F.-, the leaves of the hybrids averaged 
wider than those of either parent and there were again considerable 
differences in the means of the different hybrid cultures (see table 89). 
The differences observed, however, are not genetic differences, as is 
shown by the fact that there was no correlation whatsoever between the 
leaf width of the Fg selected parents and the mean leaf width of their 
offspring (see table 88). In other words, the progeny of the different 
variants of the Fg gave results such as would come from the fluctuants 
of a pure race. We may therefore justly conclude that so far as leaf 
width was concerned, the 3 X 34 hybrids formed a pure race. This, 
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however, does not mean that these hybrids really formed a pure race in 
all characters for we have already seen that they segregated in both 
height and date of heading. A plant may easily be homozygous for one 
character and heterozygous for a number of others. We may assume 
therefore that the 3 X 34 hybrids received the same set of leaf-width 
factors from both parents. In the subsequent discussions of leaf width 
this group will be considered as a single pure variety. 

Before proceeding with the summary and discussion of the other 
crosses we may first seek to discover whether or not a cause such as we 
found to suppress variability in the tall cultures of wheats was also opera- 
tive in reducing variability in the wider-leaved cultures. Table 91 brings 
together all available data bearing on this point. The horizontal rows 
contain the data from plants or groups which were supposed to be ge- 
netically equivalent so far as leaf width is concerned. 

The results obtained in table 92 are remarkably uniform and exhibit 
without doubt some general cause suppressing variability in the broader- 
leaved cultures. The nature of this suppression factor is not yet deter- 
mined. Three possible explanations are suggested as follows: 

( 1 ) Can it be that the coefficient of variation is not a proper measure 
of tjie variability of quantitative characters in biology? 

(2) Is it possible that even pure lines of wheat are still somewhat 
heterozygous and that the taller cultures are more homozygous than the 
others ? 

(3) Can there be some physiological limitation of growth in the 
higher classes which restricts the full development or expression of the 
plus combinations of factors? 

The writer is inclined to attribute this suppression factor to a com- 
bination of suggestions (i) and (3). If a car be moving at rate A 
and we apply an additional force, say F-fm, which gives an additional 
speed say A+n, it will require more force than to give it a speed 

of A+ 2 n. 

The effect of a factor, environic or genetic, for increasing size, is 
probably much less in a combination which tends to produce a variant 
above the racial mean than in combinations, the .product of which falls 
below the mean. We should have, as it were, a telescoping of variabil- 
ity in cultures with higher means. It is possible therefore that a better 
measure of the variability of quantitative characters would be a coeffi- 
cient derived by dividing the standard deviation by some fractional 

cr 

power of the mean, thus Ci = where ;ir is a quantity less than i. 

M” 

Returniqg to the macaroni — bread wheat crosses we remember that 
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\ Table 91 

Correlation cj* average leaf width of culture and the coefficient of variation of the satne 
in pure lines and genetically equivalent groups* 
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the Fj had wide leaves and wrinkled grains. The average leaf width 
of the Fo was markedly below that of either parent but there were some 
Fo plants having leaf widths as great or greater than the parental means. 
These wide-leaved F^ plants were of three types, viz., (i) some had 
wide leaves and smooth grains (parent-like), (2) some had wide leaves 
and wrinkled grains (Fj-like) and a few had wide leaves and partially 
wrinkled grains (of uncertain classification). Now since the average 
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^e: 

of the F2 was below that of the parents and the variability las much 
♦ above the parental variability, we should expect the Fi-like^^'a plants 
to give F;j cultures low in mean leaf width and high in variability, where- 
as the parent-like Fg plants should give F3 cultures high in mean leaf 
width and low in variability. Now disregarding the wide-leaved Fg 
plants with partially wrinkled seed (on account of difficulty of classifi- 
cation) we find the results shown in table 92. 


Tahle 92 
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No better agreement of the facts with the theoretical assumptions 
made, could well be expected. It is, of course, not here assumed that the 
parent-like Fg plants were constituted genetically exactly like one or the 
other of the parents or that the Fi-like F2 plants were completely hete- 
rozygous in every particular in which the Fi plants were heterozygous, 
but it is assumed that the genetic agreement is close enough to give 
marked similarity in form and hereditary behavior. Where a number 
of factors are involved, as there probably are here, it would be extremely 
difficult, probably impossible, to pick out plants from the F2 by inspec- 
tion, which were exactly like either the parents or the Fi, genetically. 
This could only be done by judging the Fg plants by the genetic be- 
havior of their offspring. The facts developed seem to show that the 
wide-leaved Fg plants fell into two groups, the one having a complete 
(or nearly complete) set of the factors from one or the other of the 
parental races, and that the other group contained plants which were 
heterozygous for all (or nearly all) of the characters in which the par- 
ents differed. Again therefore we have a situation where a complete 
double set of one or the other of the parental races or a complete (or 
nearly complete) single set from each of the two parents were able to 
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produce wide-leaved plants, but that the large majority of the new re- 
combinations of parental characters resulted in less vegetative develop- 
ment. 

Now referring to table 92 we find that even in the offspring of these 
two groups of wide-leaved Fo plants the factor for suppressing vari- 
ability was apparent, but it was not sufficient to mask the effect of dif- 
ferences in heterozygosity because in the one C!ase (those of the F;,-like 
parents) the means tended to be below that of the standard (pure line 
parents). Now when we turn to the 3 X 35 cross where the F^, Fg 
and F3 all had average leaf widths larger than the more narrow-leaved 
parent, the suppression factor w^as able entirely to offset the theoretically 
expected increased variability of the heterozygous cultures. If in ac- 
cordance with the Fi, the wide-leaved F^ cultures were the more hete- 
rozygous and the more narrow-leaved the more homozygous we can 
easily see how the suppression factor might reduce the average vari- 
ability of all of the Fg cultures to a figure equal to or below that of the 
most variable parent especially in a case where the average of the leaf 
width of the Fg cultures was equal to that of the wider-leaved parent. 

One cannot here assume the formation of a single new blended race, 
for table 75 show^s segregation in the Fo with the formation of many 
distinct races in Fa, and moreover, in spite of the suppression factor and 
the fact that the Fg had a larger mean than the Fg, the average vari- 
ability of the Fg was less than that of the Fg (compare tables 76 and 78). 

According to Mendelian expectation, the parental types of individuals 
in Fg and culture means in Fg were recovered in all cases. In i X 35, 
recombination formed individuals in Fo and a number of cultures in Fg 
whose means were significantly beyond, both above and below, the range 
of either parent. In i X 3 the range of individuals in F^ and of means 
of cultures in Fs were significantly below, but not above, the parental 
ranges. In 3 X 35 the range of individuals in Fg and means of cultures 
in Fg were not significantly alx)ve or below the parental ranges. 

In the macaroni — ^breacl wheat crosses the average variability of the 
Fg and Fg generations were markedly above that of the parents but in 
the Fg many cultures w^ere secured wffiich were ^as little variable as either 
parent. In no case was there a single Fg culture, however, which had 
as low a variability as the most variable parental culture. 

The variability of the bread wheat crosses has already been discussed 
with sufficient fullness. 

The segregation of simple Mendelian unit factors appears to suffice to 
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explain all of the facts so far observed in the inheritance of leaf width 
in the wheat hybrids here discussed. No attempt has'.^een made to de- 
termine the number of factors but the supposition is that there are 
several. 


GENERAL SUMMARY 

Detailed summaries of the three characters, date of first head, height, 
and width of leaf, may be found on pages 27, 52 and 87, respectively. 

The Fi of the macaroni-Xbread wheat crosses developed normally and 
were in every case equal or superior to the mean of the parents in vege- 
tative vigor and they were no more variable in size characters or time 
of maturity than were the pure races. We may therefore conclude that 
a single complete set of macaroni wheat characters with a complete single 
set of bread wheat characters (the maximum of heterozygosis between 
the two varieties) will produce a perfectly normal plant. 

In the second generation, on the other hand, many of the seeds would 
not germinate and those germinating produced plants differing in vege- 
tative growth from those which were more vigorous than either parent 
to such as never got beyond the rosette stage. Moreover those which 
made a normal vegetative development exhibited every degree of sterility 
from completely sterile plants to those entirely normal in seed produc- 
tion. It would appear, therefore, that these facts alone refute any idea 
of blending inheritance, for if blending had taken place in the Fj, sterile 
or vegetatively deficient plants would be no more likely to occur in the 
Fj than in the Fj. Hence we are compelled to predicate segregation and 
iccombination in these quantitative characters. There is nothing to in- 
dicate even partial blending in any of the factors concerned. 

In the use of the coefficient of variation as an indication of heterozy- 
gosity in hybrids involving quantitative characters, care should be exer- 
cised to make due allowance for the fact that races with high means re- 
sulting from increased vegetative growth, have their variability limited 
or reduced by the apparent law that size factors are more effective in 
producing variability in combinations tending t(> produce a result below 
the mean of the hybrid population than in combinations which tend to 
exceed this mean. 

The suppression of variability in cultures with high means applies to 
pure as well as hybrid cultures. It appears to be a telescoping of vari- 
ability as the mean approaches the upper physiological limit of growth 
rate for the species concerned. 
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INTRODUCTION 

The problem 

In the vegetative reproduction of rhizopod Protozoa conditions for the 
study of heredity, variation, and the method of evolution are more 

^ This work was done at the Zoological Laboratory of the Johns Hopkins Univer- 
sity. The writer is indebted to the members of the Zoological Department for many 
courtesies, and is especially grateful to Professor H. S. Jennings for his valuable 
counsel. 
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simple than in any other animals. The body of Arcella is a single cell, 
which is as simple as any animal organism it is possible to obtain for such 
studies. During vegetative reproduction the two offspring at each di- 
vision consist each of one-half of the parent. There are thus no heritable 
variations due to amphimixis, and if changes occur that are of evolu- 
tionary significance they may be easily recognized. During the past four 
years several reports have appeared, notably those of Middleton (1915), 
Jennings (1916) and Root (1918), that cast some doubt upon the con- 
clusions of earlier workers, that heritable diversities do not occur within 
a “pure line,” that is, that the genotype is constant. Work of this sort 
is crucial, since it tests one of the requirements of evolution, i.e., that 
heritable diversities should appear that are not due to the mixture of 
factors from several individuals. The present contribution adds one 
more species of Protozoa in which there is an apparent inconstancy of 
the genotype during vegetative reproduction. 

Advantages of Arcella for genetic studies 


Arcella dentata was chosen as the material for this investigation be- 
cause it possesses an unusually large number of favorable character- 
istics (fig. I.) 



Figure i.— A, aboral view of a typical specimen of Arcella dentata with ii spines 
and a diameter of 116 microns. Imbedded in the cytoplasm (dotted) are 2 nuclei, a 
number of contractile vacuoles, and smaller food material. X 310. 

B, aboral view of a specimen just after division. This specimen had 13 spines and 
measured 138 microns in diameter. X 310. 

(1) It multiplies vegetatively and rapidly so that many generations 
may be obtained in a short period of time. 

(2) It possesses definite morphological characters that are easily 
measured and not modified by growth. 
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(3) Environmental factors have no influence upon these characters 
after division is completed. 

(4) Its characters are heritable but variable. 

(5) The shell may be preserved easily, thus furnishing a permanent 
record. 

(6) It is large enough to be conspicuous when placed under a Green- 
ough binocular. 

(7) The young are much lighter in color than their parents and 
hence there is no danger of confusing parent and offspring. 

(8) The examination of living specimens is simple, because they at- 
tach themselves by their pseudopodia to the substratum and move very 
slowly. 

(9) The almost transparent shell reveals the nuclei, chromidia, con- 
tractile vacuoles and other bodies within the living animal — especially 
in young specimens. 

(10) Individuals will withstand severe operations and halves and 
even quarters will survive and reproduce provided they contain a nucleus. 

Clmracters studied 

The characters reported upon in this paper are (i) the number of 
spines, and (2) the diameter of the shell, measured between the bases of 
the spines. Other characteristics available for study are the size and 
shape of the spines (figure 5), the rate of fission, and the color of the 
shell. 


Cultural methods 

Arcella dentata, according to Leidy (1879) and others, is rare when 
compared with A. vulgaris and A, discoides; nevertheless, an abundant 
supply was obtained from the lily pads in a pond on the campus of the 
Johns Hopkins University at Homewood, Baltimore. 

The cultural methods used were similar to those employed by Jen- 
nings (1916) in his work on Difflugia. Water plants from nearby 
ponds were brought into the laboratory and the diatoms, algae, and ooze 
covering them were washed off by shaking in a bottle. The coarser ma- 
terials were strained out and then the water containing the finer particles 
was transferred with a pipette to concavities in hollow-ground slides. 
As the work progressed, it was found that the Arcellas were not so apt 
to become covered by sediment if the culture slides were prepared from 
three to twelve hours before needed. During this time the particles sink 
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to the bottom, forming a fine film upon which the animals creep about 
and feed. It was also discovered that the Arcellas were more active 
and multiplied more rapidly if the pond water was diluted with an equal 
amount of distilled water. Thus in each cavity were placed two drops 
of the pond water containing food particles and two drops of distilled 
water. The brownish Arcellas are quite distinct against the g^yish 
film of sediment on the bottom of such a culture, and there is no danger 
of contamination due to the inclusion of “wild” specimens that might oc- 
cur in the food material. 

New cultures were prepared, on the average, every three days, and the 
Arcellas were transferred to them with a capillary pipette. The cultures 
were examined almost every day and the young were removed to sepa- 
rate slides soon after they were produced. The number of the individ- 
ual was then written with pencil on the rough surface of the slides. The 
cultures were not covered with cover glasses but were kept from drying 
by placing them in moist chambers consisting of large stender dishes. 
Each of these dishes accommodated eleven slides, or twenty-two speci- 
mens. 

Specimens were easily found in the cultures with the help of a Green- 
ough binocular and were then more closely examined under a compound 
microscope with the use of a water immersion objective. 

For keeping pedigree records the system used by Jennings was 
adopted. This system was described by Jennings (1916, p. 415) as 
follows : 

“For keeping pedigrees, records are kept in card catalogues, a card 
being devoted to each individual. The system may be illustrated as fol- 
lows: The original ‘wild’ individual is given a number — say 21. Its 
first progeny is called 21.1, its second 21.2, etc. The first progeny of 
21. 1 is 21. 1. 1, its next 21. 1.2, etc. Thus in later generations we have 
cumbrous labels such as 326.1.4.2.2.3.2.1. 2.2.2. 1.1.2. These labels must 
be written on the slide and its corresponding card. On the card is writ- 
ten a brief description of the individual, including the number of spines, 
and any peculiarity that will distinguish it from its progeny. Whenever 
an individual reproduces, that fact, with its date, and the number of 
spines of the prc^eny, is entered on the card of the parent, and a new 
card is written for the progeny. The long labels become troublesome, 
but each gjves the full pedigree and relationship of the individual, and 
with the card records of all, the entire history may be reconstructed” 

It was found desirable in certain cases to substitute for some of the 
longer labels one or more letters, such as A, B, ED, SS, etc. 
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Fission in Arcella 

The process of fission in Arcella has not been described in detail and 
some of the stages were not observed during the course of this work. 
When ready to divide enough cytoplasm is protruded from the mouth 
of the shell to secrete a new shell; this c)d:oplasm lies against the sub- 
stratum beneath the parent shell and thus the process of shell formation 
can not be observed from above. It seems probable that the spines of the 
shell are secreted around pseudopodia which extend out from this cyto- 
plasmic mass. A number of specimens were examined after the new 
shell had been secreted but before division had taken place. In every 
case most of the cytoplasm was in the parent shell and only a small plug 
of cytoplasm extended into the new shell as shown in side view in figure 2. 
Cytoplasm then gradually flowed into the new shell until each shell con- 
tained approximately an equal amount. The cytoplasmic strand extend- 



Figure 2 . — Side views of division stages of Arcella dental a. The parent is at the 
left; the offspring at the right. The extent of the protoplasm is indicated by the 
dotted lines. The intervals between the stages are as follows: between A and B, 7 
minutes ; B and C, 3 minutes ; C and D, 10 minutes, X 207. 

ing between the mouth openings of the two shells then grew thinner and 
finally broke and the parent and offspring moved apart sideways. There 
was no immediate swelling of the cytoplasm within the shells, which were 
therefore only about half full, as shown in figure iB. 

Parent and offspring 

The method of division of Arcella with respect to the shell, presents 
several difficulties not encountered in the study of shellless Protozoa. 
When it divides, the protoplasm apparently divides into two equal parts, 
i.e., the living substance of the parent passes over into that of the two 
daughters, but whereas one of the daughters is provided with a new 
shell, the other continues to live in the parental shell. Throughout this 
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paper I have referred to the latter as the parent and the former as the 
oflfspring. If a specimen has 12 spines, this number must be due to 
two factors, (i) the hereditary constitution of the protoplasm of its 
parent and (2) the environmental conditions during or preceding the 
formation of its shell. It is thus safe to conclude that the number of 
spines it possesses is a good index of its hereditary constitution, since 
it contains one-half of the parental protoplasm that secreted the shell 
and the environment was kept relatively constant. However, we have 
found that the yoimg often vary from the parent in spine number and 
the problem thus arises as to whether the protoplasm of a 12-spined 
parent that has just given rise to a lo-spined offspring really corresponds 
to the shell in which it is confined or is a “square p^ in a round hole.” 
On this account a number of correlation tables were made up from data 
of the immediate or first progeny of each parent. When these tables 
were compared with those in which later offspring were included, it was 
found that the results were so nearly identical that no further attention 
was paid to this apparent difficulty. It seems probable that heritable di- 
versities do actually appear among the progeny of a single individual, 
but the diversities are so small and the number of offspring belonging 
to other than the first division that were recorded were so few that very 
little difference results from their inclusion in correlation tables. 

Counting generations 

A second difficulty that arises because of the persistence of one-half of 
the parental protoplasm in the parental shell at the time of division is the 
counting of generations. This is of some importance since we measure 
the “permanency” of a characteristic in part by the number of genera- 
tions through which it persists. Should the second oflfspring from a 
“parent” be considered as a member of the fi or of the U generation, 
and should the parent after each fission be considered as belonging to the 
same generation as its last offspring? The accompanying parts of a 
pedigree (figure 3, A, B) show that such a parent may be considered a 
member of either generation, but really belongs to the U generation. 
For convenience, however, all numbers of generations mentioned in this 
paper, unless, otherwise indicated, have been counted according to the 
first method. It is a very simple matter to determine the number of the 
generations according to either method from the system of labelling em- 
ployed. For example the specimen designated by the numerals 58.1.1.1. 
4.2. 1. 1. 1. 1. 3. 1. 3. 1. 2.4 belongs to the fifteenth generation according to 
the first method, this answer being found by counting the number of nu- 
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Figure 3. — Diagrams illustrating two methods of counting generations in Arcella. 
The diagram at the left, A, shows that the original parent with 10 spines gave rise 
successively to 2 offspring with 13 and 9 spines, respectively, and that each of these 
in turn gave rise to 2 offspring, the one with 13 spines to a first with 10 spines and a 
second with ii spines, and the one with 9 spines to 2 successive offspring with ii 
spines each. 

In the diagram at the right, B, the parent after division is in each case shown as 
belonging to the same generation as the offspring. 

merals after the family number, 58; or belongs to the twenty-seventh 
generation according to the second method, this answer being found by 
adding the same numerals together. 

Preservation of specimens 

It was found impossible in the time available, to preserve all the speci- 
mens, but a large proportion of them were saved for further study if 
this was found to be necessary. This was accomplished by transferring 
each individual to a separate drop of glycerine on a glass slide. One 
slide will hold without crowding about eight isolated specimens. The 
labels were written with India ink on the slides which were then placed 
in upright boxes where they keep for months without drying. 

Length of life and number of progeny 

No attempt was made to determine how many offspring may be pro- 
duced by one parent nor how long a single parent will live. However, 
in looking over the records, it was found that specimen 58.1.1.1.1.1.2 
I. 1 .I.I.I. 2 . 2 .I.I.I. 2 .I was kept from December 20, 1917, to January 25, 
1918, during which period it produced 18 offspring, and specimen 58.1.1. 
1. 4*2. 1. 1. 1. 1. 3. 1. 1. 1. 1 was kept from December 7, 1917, to January 24, 
1918, and gave rise to 21 progeny. There seems to be no reason why 
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these specimens might not have continued to live and reproduce indefi- 
nitely. 


Computations 

In the tables presented in this paper the coefficients of correlation were 
determined by means of the formulae used by Jennings (1916, pp. 416- 
417). The actual pedigrees, however, are perhaps better evidence than 
correlation tables of what has really occurred, and as many parts of 
pedigrees have been included as seemed advisable. 

The specimens that form the basis of this report were obtained during 
a period of 174 days. The average number of generations studied was 
69 and the average length of a generation was 2.5 days. In all, measure- 
ments of 6474 specimens are recorded. Of these 5557 belonged to the 
single family No. 58; 746 were secured from 70 small families; and 
1 71 were collected directly from the pond. 

VARIATIONS IN SPINE NUMBER AND DIAMETER OF SHELL IN A “WILD” 

POPULATION 

The principal problem that this investigation was designed to solve 
is, Do variations in heritable characteristics that may occur in the 
progeny of a single specimen reproducing vegetatively lead to tempo- 
rary or permanent diversities that would account for the diversities pres- 
ent in a “wild” population? 

We must, of course, determine first what the variations are in such a 
“wild” population. Accordingly a large number of specimens of Arcella 
dentata were collected from various parts of the pond where they were 



Figure 4. — Three specimens from a “wild” population of Arcella dentata; A was the 
smallest specimen found, possessing 7 spines and a diameter of 73 microns, B was the 
largest, with 17 spines and a diameter of 150 microns, C was in the modal class and 
near the mean, with ii spines and a diameter of 116 microns. X 207. 
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Figure 5. — Some variations in the sizes and shapes of the spines of Arcella dentata. 
X 420. 

present in great abundance. These were found to vary in size, and in 
number and length of spines. Some of these variations are indicated in 
figures 4 and 5. The extremes with respect to spine number were 7 and 
17; and those with respect to diameter of the shell were 73 microns and 
150 microns. No study was made of the variations in the shape or 
size of the spines, but such variations were incidentally noted and some 
of them are shown in figure 5. 


Table i 

Correlation table for spine number and diameter of the shell in a *'zvild** population 
of Arcella dentata collected from a pond at Homewood, Baltimore, on Sept. 20, 1917. 
The unit of measurement is 4,3 microns. Correlation, .325 ± .060. 

Spine number 



7 8 9 10 II 12 13 


23 

I 

I 

24 

I 2 I 

4 

25 

2 12 4 I I 

20 

26 

3 12 10 3 

28 

27 

4 12 7 2 

25 

28 

3 4 5 5 

17 

29 

2 I 

3 

30 


0 

31 


0 

32 


0 

33 i 

I I 

2 


I 0 13 44 28 12 2 1 

100 


Table i shows the variations in spine number and diameter of the 
shells of 100 wild specimens taken at random from a large series col- 
lected on September 20, 1917, from the pond at Homewood and figures 
6 and 7 give the same data in the form of curves. As regards spines, the 
mode is 10 and the mean 10,42, and for diameter the mode is 26 units 
and the mean 26.51 units. Specimens were found with spine numbers 
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of 8, 14, 15, 16 and 17, but these did not happen to appear in this sample 
of 100. A coefficient of correlation of .325 ± .060 shows that there is 
a significant relation between spine number and diameter in these or- 



6 7 8 9 10 II 12 13 14 23 24 25 26 27 28 29 30 31 32 33 

Fig. 6 Fig. 7 

Figure 6. — Curve showing the distribution of spine numbers of 100 “wild” speci- 
mens of Arcella dentata collected on Sept. 20, 1917, from a pond at Homewood, Balti- 
more. The ordinates are numbers of specimens and the abscissae numbers of spines. 

Figure 7.— Curve showing the distribution of diameters of the 100 specimens re- 
corded in figure 6. The ordinates are numbers of specimens and the abscissae diam- 
eters. The unit of measurement is 4.3 microns. 

ganisms. Frequently irregular specimens were encountered (figure 12) 
principally among those with a low spine number; pedigree work indi- 
cates that many of these irregularities are due to environmental factors. 
They undoubtedly account for the high mean diameter of 26.46 of the 
group of 13 specimens with 9 spines shown in table 2. With the ex- 

«Table 2 

Mean diameters of 100 specimens of Arcella dentata of given spine num-^ 

hers. The unit of measurement for diameter is 4.3 microns. 


Number 
of specimens 

Spine 

number 

Mean 

diameter 

I 

7 

23.00 

13 

9 1 

26.46 

44 

10 

26.22 

28 

II 

26.50 

12 

12 

27.50 

2 

13 

29.00 
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ception of this group, the mean diameter of the specimens measured in- 
creases gradually with the increase in spine number, exhibiting a marked 
correlation between these two characteristics. 

Conclusion 

The variations, therefore, in a random sample of 100 ‘Vild” speci- 
mens are from 7 to 13 in spine number and from 23 to 33 units in di- 
ameter of shell, each unit being equal to 4.3 microns, and there is a 
marked correlation between the number of spines and the diameter of 
the shell. 

HEREDITY AND VARIATION IN SPINE NUMBER IN FAMILIES DERIVED FROM 
SINGLE SPECIMENS BY VEGETATIVE REPRODUCTION 

The next questions to be answered are, What kinds of variations oc- 
cur during vegetative reproduction and to what degree are they in- 
herited? Are heritable characteristics similar or different among fami- 
lies (‘‘pure lines’") descended from different “wild” specimens? To 
what degree are these heritable characteristics correlated in each family ? 
Are there in nature a number of diverse families with regard to a given 
characteristic and are the several measurable characteristics correlated or 
independent in the various families? How many diverse families are 
there ? 

One hundred and forty-nine living specimens were selected from col- 
lections of wild animals, mostly taken on September 21 and 22, and No- 
vember 23, 1917, and isolated on culture slides. These specimens were 
selected on the basis of diameter and spine number so that a beginning 
might be made with animals differing widely in these characters, as well 
as with those nearer the modal condition. Of the 149 specimens, 59 
gave rise to small families and 12 to larger families. All of these, ex- 
cept one, either died out or were killed off because they could not be taken 
care of ; the one family, number 58, was kept, being selected for further 
work. Tables 3 to 20 include only data regarding spine number. 

Table 3 shows the distribution of the variations in number of spines 
within twelve of the larger families obtained. These are arranged ac- 
cording to the mean spine number beginning with the lowest mean. The 
range is from 10.40 to 14.07. A large interval occurs between the mean 
1 1. 2 1 of family 41 and that of 13.71 of family 62. Probably a larger 
number of families would supply means that would fill up this gap. Pos- 
sibly, however, families 62, 109, and 83 should be considered as belong- 
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Table 3 

Distribution of the variations in number of spines within twelve families. 


Number 

of 

family 

Number of spines 

Total 
number of 
specimens 

1 Mean 
spine 
number 

Coefficient 

of 

correlation 

7 8 9 10 II 12 13 14 15 16 

18 

I I 4 8 II 5 

30 

10.40 

.004 ± .123 

8s 

2 5 12 14 6 

39 

10.43 

—.158 .105 

80 

I 3 II 9 2 2 

28 

10.50 

.013 ± .013 

30 

22 ii 9 5 II 

S8 

10.51 

.279 ± .082 

79 

4 2 II 10 II 

38 

10.57 

.032 ± .001 

81 

I I 8 17 5 I 

33 

10.81 

.085 ±. .117 

17 

2 17 31 39 45 12 3 

149 

11.04 

.062 ±. .055 

59 

32762 

20 

II. 10 

.039 ± .151 

41 

4 I 22 8 4 2 

41 

11.21 

— .176 ± .102 

62 

I 2 2 2 4 II 9 4 

35 ! 

13.71 

.725 ± .054 

109 

I 2 4 II 10 

28 

13.96 

.183 ± .128 

83 

5 7 13 10 s 

40 

14.07 

.312 ±'.093 



539 




ing to a distinct race. In only three families, 30, 62, and 83, is there any 
evidence of correlation between the spine numbers of parents and off- 
spring. 

Figure 8 gives the curves for four families separately and for twelve 



Figure 8. — Curve?* showing the distribution of the variations in spine number within 
four small families and for the total, T, of 539 specimens belongin]^ to twelve fami- 
lies. The number with which each curve is marked is the designation of the family. 
The numbers of specimens in each family are shown in table 3. The ordinates are 
percentages ; the abscissae, spine numbers. 
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families combined. Figures 9 and 10 are parts of the pedigrees of two 
of these families, showing quite clearly the great difference between them 
in spine number. 



Fig. 9 



Figure 10 


Figure 9. — Part of the pedigree of family 80 showing the number of spines of 
specimens belonging to the first 3 generations. The progenitor of this family (ABN ; 
see fig. 12, A) was not normal and its abnormality was not inherited. It was selected 
for breeding purposes in order to determine whether or not abnormalities in Arcella 
dentata are inherited. 

Figure 10. — Part of the pedigree of family 83 showing the number of spines of 
specimens belonging to the first three generations. This pedigree should be compared 
with that shown in figure 9. The abnormal progenitor of family 83 (see fig. 12, B) 
gave rise to normal offspring. 


In all correlation tables the results of every fission were tabulated. 
Thus, when a specimen with 12 spines gave rise to one with 10 spines, 
the latter was recorded opposite number 10 in the parent column 12. 
Each offspring is counted but once as an offspring. 

Table 4 presents the correlation for the inheritance of spines in the 
70 small families taken together. This table consists of two principal 
sets of data; (i) the center of the table is occupied largely by offspring 
descended from specimens collected mostly on September 21 and 22, 
1917. These have a mean spine number of a fraction less than ii.oo. 
(2) The lower right-hand comer contains principally the descendants 
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Table 4 

Correlation table for parents and offspring with respect to spine number within 70 
small families. Correlation, .626 ± .01$. 

Parents 
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17 

38 

25 
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7 
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3 

3 
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17 
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I 
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16 
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8 

4 


19 


17 
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26 

49 

98 IS 3 

173 

105 

~6S~ 

50 

22 

I 

746 


of very large specimens with many spines collected on November 23, 
1917. This table shows that a high correlation (.626 ±: .015) exists be- 
tween the spine numbers of parents and progeny in this large population 
containing progeny derived from 70 ‘‘wild’' specimens. 

In table 5 is given the mean spine number for the 746 offspring pro- 
duced by parents with different numbers of spines within the 70 families 
studied. It is clear that the spine number of the progeny approaches 
more closely that of the immediate parents than it does the mean of the 
race. 

Among the small families that were studied were several whose curves 

Table 5 

Mean spine numbers of 746 progeny of parents of given spine numbers within 

70 small families. 


Number of 
specimens 

Spine number 
of parents 

Mean spine num- 
ber of progeny 

1 

7 

9.00 

26 

8 

10.69 

49 

9 

10.42 

98 

10 

10.72 , 

153 

II 

11.00 

173 

12 

11.66 

105 

13 

I 2 . 7 S 

68 

H 

13.72 

SO 

IS 

14.12 

22 

16 

14.90 

I 

17 

15.00 
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of distribution of spine numbers almost coincide. This, of course, might 
happen with families derived from specimens taken from widely sepa- 
rated localities, but in this case it seems probable that, since the speci- 
mens were all collected from a rather small pond and some of them from 
a single leaf, they were closely related and hence gave rise to families 
similar in the distribution of spine number. 

Conclusion 

Variations in spine number occur among the descendants of a single 
specimen during vegetative reproduction, and these variations are in part 
inherited. The hereditary constitution of different families obtained by 
vegetative reproduction from different ‘‘wild” specimens is different with 
respect to spine number. There is a marked correlation between parent 
and offspring with respect to spine number in three of the families (30, 
62, and 83). The small differences between certain of the means, e.g.. 
between those of the first five families listed in table 3, namely, 10.40, 
10.43, 10.50, 10.51, and 10.57, indicate that, with respect to spine num- 
ber, the heritable diversities between the different families may be ex- 
tremely small and that a vast number of families exhibiting such herit- 
able diversities may occur in a “wild” population. The large gap be- 
tween the means 11.21 and 13.71 of families 41 and 62 would probably 
be bridged if a larger number of families were obtained, but this may 
represent a difference that might be considered of racial magnitude. 

PERMANENT DIVERSITIES IN SPINE NUMBER AMONG THE DESCENDANTS OF 
A SINGLE SPECIMEN PRODUCED BY VEGETATIVE REPRODUCTION 

At the end of 39 days from the time the rearing of the Arcellas was 
begun, their numbers had increased to such an extent that it was neces- 
sary to eliminate all but one family. The latter, family 58, was retained 
for the purpose of determining the degree of inheritance and the extent 
of diversities in a single large family, and to answer the following ques- 
tions : Do variations that may appear in heritable characteristics in the 
descendants of a single specimen reproducing vegetatively lead to tempo- 
rary or permanent diversities? May such diversities account for the 
heritable differences that appear between families obtained from “wild” 
specimens ? In what way are such diversities produced ? 

The family derived from specimen 58 was saved for this work since 
its mean spine number was near the average of the species and its mem- 
bers seemed more viable than those of the other families. For conven- 
ience and also for the purpose of checking up environmental influence. 
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the experiment was divided into a number of periods. The length of 
these periods was regulated so that enough progeny were obtained in each 
to give significant means. The periods were also determined in part by 
the fact that only a few hundred specimens can be taken care of by one 
investigator and when this limit has been reached a selection must be 
made. It may be noted at this place that several sudden large variations 
occurred in several of the periods, but the specimens exhibiting them, 
and their descendants are not included in the data presented in this part 
of the investigation but are given later under a separate heading. The 
data for the periods are given in tables 6, 14, and 18 to 21, and are indi- 
cated in the diagram on page no (figure ii), reference to which will 
make the following account clear. 

Data before selection was begun 

The progenitor of family 58 (figure 13, A) was collected on Septem- 
ber 22. It had 12 spines. Because of faulty cultural methods it died 
after dividing only once, and a number of the early members of the 
family died from the same cause (figure 14). Later, specimens were 
very seldom lost, although a few died, some dried because of the evapo- 



B of family 83; C apparently lacks one or two spines because of some mechanical 
obstruction in the environment. X 207. 



Figure 13. — ^Three specimens belonging to family 58. A, the progenitor of the entire 
family; B, a .typical member of the low dine; C, a typical member of the high line. 
X 207. 
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ration of the culture water, and several were lost during their transfer- 
ence from one culture to another. The first period was the longest and 
lasted for 39 days. During this time 198 offspring were produced with 
a mean spine number of 10.87. Table 7 gives the data for these 198 
specimens. This table shows no evidence of correlation between parents 
and offspring, the coefficient of correlation being — .027 ±: .048. 

First selection period 

On November i selection was begun. All specimens with 12 or more 
spines were selected as a basis for the high line and all those with 10 or 
Jess for the low line. These and all of their offspring were kept. The 
specimens selected for both the low and high lines were placed in the 
same moist chambers; were given the same proportions of food and 
water; and were all changed at the same time. Environmental condi- 
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tions were thus almost exactly alike for all the specimens at any par- 
ticular time during the course of the work. At the end of 9 days this 
period was closed. The diagram on page no and table 6 show that the 
37 progeny of the high line had a mean spine number of 11.05, the 


Table 6 

Family 58. Results of selection for number of spines during selection periods i to 6. 
{Nov. I, 1917, to Jan^. 3, 1918.) 


Period 

Number 

of 

progeny 

Correlation 

High line j 

Low line 

Difference 

Number 

of 

progeny 

Mean 

spine 

number 

Number 

of 

progeny 

Mean 

spine 

number 

I (9 days) 

7S 

.060 ±: .076 

37 

11.05 

41 

1 1. 12 

—.07 

2 (25 days) 

273 ! 

.220 It .039 

94 

11.22 

179 

10.72 

•50 

3 (9 days) 

245 ; 

.186 tt .042 

42 

11.09 

203 

10.69 

.40 

4 (8 days) 

271 

.185 ±L .040 

88 

II. 2 I 

183 

10.73 

.4S 

5 (7 days) 

162 

.403 ±: .044 

64 

11.32 

98 

10.48 

.84 

6 (6 days) 

163 

.512 ±. .039 

92 

11.48 

71 

10.32 

1. 16 


64 days 1192 Mean difference .55 


Table 7 

Family 38. Correlation table for parents and offspring with respect to spine number 
before selection was begun. Correlation, — .027 it .048. 

Parents 


9 10 II 12 13 


9 

3 4 I 

8 

10 

9 19 IS 2 

45 

II 

5 12 21 25 6 

69 

12 

I 16 19 14 6 

56 

13 
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Table 8 

Family 38. Correlation table for parents and offspring with respect to spine number 
in the first selection period {Nov. i to Nov. 9, 1917). 



Correlation .060 
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8 9 10 II 
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41 progeny of the low line had a mean spine number of 11.12. The di- 
versity obtained was thus in the wrong direction, the mean spine number 
of the low line being actually greater by .07 than that of the high line. 
Table 8 indicates an entire absence of correlation during this period. 

This result may have been due to the small number of offspring used, 
but later work makes it seem more probable that the selection was not 
successful, because high- and lo'w-spined specimens were picked out re- 
gardless of the condition of their immediate and more distant ances- 
tors, — a. method that Jennings (1916) has shown to be inefficient under 
similar conditions in Difflugia corona. 

Second selection period 

The method of selection was changed at this time (November 10) and 
specimens with 12 or 13 spines that had parents, grandparents or other 
close relations with a high spine number were selected as progenitors of 
the high line, and similarly, specimens with 10 or less spines whose near 
relatives possessed low spine numbers, were selected as progenitors of 
the low line ; that is, selection was based on past performance. All par- 
ents and offspring were kept during this period which extended over 25- 
days, from November 10 to December 4. Difficulty was encountered in 
the rearing of the Arcellas at this time. Many of them ceased to divide 
and all of the specimens became entangled in the food material to such 
an extent that they had to be extricated with needles. Large numbers 
died and the entire family seemed doomed, when a simple remedy was 
discovered. This was the dilution of the pond water, with which the 
cultures were made up, with an equal amount of distilled water. This 
procedure was suggested to me by the fact that Dr. Vernon Lynch of 
the Johns Hopkins Medical School, had previously found that the 
addition of distilled water to his cultures was of benefit in the rearing 
of Amebas. Division immediately began again and no more trouble was 
experienced throughout the entire winter and spring seasons. 

During the second selection period the 94 progeny in the high line 
possessed a mean spine number of 11.22, and the 179 progeny of the 
low line, a mean spine number of 10.72, or a divergence of .50. The 
mean spine number of the high line was thus .35 above the mean of the 
family before selection -was begun and that of the low line was .15 below 
this mean. Table 9 shows the degree of correlation of parent and off- 
spring during this period. 

It was found that at the end of the second selection period all progeny 
in the high line were descended from three specimens, and similarly, all 
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those in the low line were descended from three specimens. The branches 
to which these specimens had given rise were from this time on desig- 
nated as A, B, and C in the high line, and D, E, and F, in the low line, 
and the data for these six branches are indicated in the diagram on 
page I lo. It is worthy of note that the mean spine number of each of the 

Table 9 

Family 58, Correlation table for parents and offspring with respect to spine number 
in the second selection period (Nov, 10 to Dec. 4, 1917) • 

Correlation .220 it .039, 
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92 

lOI 
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1 273 


three subfamilies in the high line is greater than that of any of the three 
subfamilies in the low line, and that the means of all six subfamilies 
differ slightly from one another. Too much emphasis should not be at- 
tached to this but it suggests the possibility that these six subfamilies 
may represent six permanent heritable diversities in spine number. 

Third selection period 

At the end of the second selection period a few specimens were se- 
lected from each of these six branches on the basis of past performance 
and all parents and progeny were kept until the end of the period (9 
days). As shown by the diagram on page no, the three branches of the 
high line did not increase as rapidly as did those of the low line. During 
this period the mean spine number of the 42 offspring in the high line 
was 11.09, of the 203 offspring in the low line, 10.69, giving a di- 
vergence of .40. 

As during the second selection period, the mean spine number of each 
of the three branches of the high line is greater than that of any of the 
three branches of the low line. Table 10 shows the degree of correlation 
between parent and offspring during this period. 

Fourth selection period 

At the end of the third selection period a few specimens were selected 
from each of the three branches of the high line and from each of the 
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Table io 

Family 58. Correlation table for parents and offspring with respect to spine number 
in the third selection period {Dec, 5 to Dec, 13, 1917), 

Correlation ,186 ±. ,042. 

Parents 

8 9 10 II 12 13 
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5 13 4 

22 

IO 

I 8 38 13 9 

69 
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I 6 18 4 II 5 
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13 

4 I I 
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three branches of the low line, on the basis of past performance. 

All these specimens and their offspring were kept during the period of 
8 days. As indicated in the diagram on page no, the mean spine number 
of each branch of the high line was higher than that of any branch of 
the low line. The mean of the entire high line was 11.21 and that of the 
entire low line 10.73, giving a divergence of .48.' Table ii shows the 
degree of correlation between parent and offspring during the fourth 
selection period. 


Fifth selection period 

At the end of the fourth selection period, two branches, B and C, were 
eliminated from the high line, and two, D and F, from the low line. As 

Table ii 

Family 58. Correlation table for parents and offspring with respect to spine number 
in the fourth selection period {Dec, 14 to Dec. 21, J917), 

Correlation ,185 ± .040, 


Parents 

8 9 IO II 12 13 
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progenitors of the fifth period, a few specimens from branches A and E 
were selected on the basis of past performance. 

Selection was also practiced during the course of the fifth period ; all 
progeny in the high line with less than 12 spines were immediately elimi- 
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nated after being recorded and all specimens that persisted in giving 
rise to low-spined offspring were likewise eliminated; in a similar way 
all offspring in the low line with more than 10 spines were eliminated, 
and also all specimens that produced several high-spined progeny. All 
progeny were, of course, included in the data before they and their par- 
ents were eliminated. This method of selection was most effective. The 
mean spine number of the high line rose to 11.32, that of the low line 
decreased to 10.48, and the divergence increased to .84. Table 12 shows 
the degree of correlation between parents and offspring during this 
period, and figures 15 and 16 give parts of the pedigrees of the two 
lines at this time. 


Sixth selection period 

Selection at the beginning and during this period was carried on in 



Figure 15. — Part of the pedigree of the high line of family 58 during the fifth 
selection period. 
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Figure i6. — Part of the pedigree of the low line of family 58 during the fifth se- 
lection period. 



8 9 10 II 12 13 14 IS 


Figure 17* — Curves showing the distribution of the variation in spine number 
within the high and low lines of family 58 during the non-selection periods. The 
ordinates are percentages ; and abscissae, spine numbers ; H=: the high line ; L = the 
low line. , 
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Table 12 

Family 58. Correlation table for parents and offspring with respect to spine number 
in the fifth selection period {Dec. 22 to Dec, 28, 1917). 

Correlation 403 ± ,044, 

Parents 

8 o 10 II 12 13 14 
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I 
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the same way as during the fifth period. A rise in mean spine number 
to 11.48 in the high line, and a decrease to 10.32 in the low line gave a 
divergence of 1.16. Table 13 shows the degree of correlation between 
parents and offspring during this period. 

Selection was discontinued at the end of the sixth period. The mean 
spine number had increased in the high line from 10.87, which was the 

Table 13 

Family 38. Correlation table for parents and offspring with respect to spine number 
in the sixth selection period {Dec. 29, 1917 to Jan. 3, 1918). 

Correlation .312 ±: .039. 

Parents 
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mean of the family before selection was begun, to 11.48, a difference of 
.61, and had decreased in the low line from 10.87 10.32, a difference 

-SS- The average difference between the means of the high line and 
the low line during these six selection periods was .55. 


Conclusion 

It has thus been demonstrated that by means of selection, two lines 
can be obtained from a single specimen reproducing vegetatively, that 
differ in measurable, heritable characteristics. This difference may seem 
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slight but it is constant not only for the high and low lines, but also for 
the separate branches (A, B, C and D, E, F) into which these lines were 
divided, and hence is significant. The question now arises. Is this di- 
vergence temporary or permanent? 

Non-selection periods 

To test the permanency of the divergence obtained during the six 
selection periods of 64 days, a series of non-selection periods was in- 
augurated. Because it is impossible for one investigator to take care of 
more than a few hundred specimens at one time, the following method 
was used during the first three non-selection periods. Twenty-two rep- 
resentative specimens (the number that can be accommodated in one 
moist chamber) were taken from the high line, and 22 from the low 
line. Whenever these divided, the parent was eliminated and the off- 
spring kept. Thus the number of specimens was kept down but no se- 
lection was practiced. Only immediate progeny obtained during the 
first three non-selection periods were thus recorded, but during the fourth 
period, several offspring from a single parent were included. The data 
obtained during the four non-selection periods are presented in figure 11, 
and in tables 14, 15 and 16 . As the diagram on page no and table 14 
show, there was an immediate decrease in the difference between the 
means of the high and low lines from 1.16 to .94 during the first non- 
selection period and to .07 during the second non-selection period. During 
the third period the difference increased to .41. 

At the end of the' third non-selection period, the high and low lines 
were allowed to expand; that is, all parents and offspring were kept. 
This was continued for 15 days and a very large number was obtained in 


Table 14 

Family 5S. Spine numbers during the four non-selection periods {Jan 3 to Feb. 6, 1918). 


Period 

Number 

of 

progeny 

High line 

Low line 

Difference 

Number 

of 

progeny 

Mean 

spine 

number 

Number 

of 

progeny 

Mean 

spine 

number 

I (6 days) 

186 

104 

11.90 

82 

10.96 

.94 

2 (7 days) 

183 

102 

11.91 

81 

11.84 

.07 

3 (7 days) 

188 

87 

11.42 

lOI 

II.OI 

.41 

4 (is days) 

768 

306 

11.60 

462 

11.26 

•43 


35 days 1325 Mean difference 46 





HEREDITY AND VARIATION IN ARCELLA DENT AT A 


121 


Table is 

Family 58, High line. Correlation table for parents and offspring with respect to 
spine number in non-selection periods i to 4 {Jan. s to Feb. 6, igi8). Mean spine 
number of all {588) progeny, 11.94. Correlation, .170 ±: ,027. 

Parents 

8 9 10 II 12 13 14 15 


9 

4 I 

5 

10 

2 10 18 17 6 2 

55 

II 

4 28 32 71 20 5 

160 

12 

2 30 62 I 14 43 6 
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I II 17 40 25 3 I 
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2 I 5 3 I 
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IS 

I 1 

• I 


9 8s 130 249 97 17 I 
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Table 16 

Family 58. Low line. Correlation table for parents and offspring with respect to 
spine number in non^selection periods i to 4 {Jan. 3 to Feb. 6, 1918). Mean spine 
number of all {737) progeny, 11.28. Correlation, .197 ± .024. 

Parents 

8 9 10 II 12 13 14 15 
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T 
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I 

17 

10 

2 8 30 47 27 7 I 

I 2 I 

11 

8 48 135 92 19 I 
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12 
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13 
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14 

I I I : 

3 

15 

I 

I 


2 19 I4I 290 215 67 I 2 
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each line; 306 in the high line and 462 in the low. Again a difference 
between the two lines appeared — this time of .43. Since the divergence 
between the high and low lines persisted throughout the 4 periods of 
non-selection, representing 18 generations, the conclusion was reached 
that a permanent divergence had been obtained. 

It will be noticed that the mean spine number increased in both the 
high and low lines during the first non-selection period. Thus that of 
the high line during the sixth selection period was 11.48 and in the first 
non-selection period was 11.90, and that of the low line during the sixth 
selection period was 10.32 and in the first non-selection period 10.96. 
The mean spine number of the high line increased only by .01 during the 
second non-selection period; whereas that of the low line increased by 
.88. A decrease in both lines occurred in the third non-selection period, 
and an increase again in the fourth non-selection period. Several other 
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lines were being propagated at the same time and in these similar in- 
creases and decreases were noted during these periods. One of these 
lines consisted of specimens derived from a large Arcella collected on 
December 27, 1917, thus showing that these changes in spine number 
were not restricted to descendants of specimen 58. A similar increase 
in spine number was noted by Jennings (1916, p. 489) in Difflugia 
corona. The cause of these increases and decreases is not known but 
their appearance in all lines at the same time points to some environ- 
mental factor, probably the composition of the water or food. Some of 
the data for certain .days during these periods (table 17) indicate very 
clearly the extent of these increases and decreases. 

Table 17 

Family 5 < 5 . Table showing distribution of the spine numbers of progeny of high and 
low lines on three dates. On Dec. 31, the distribution was almost **normaV* for the 
two lines. On Jan. 15 the spine number had increased in both, hut more noticeably 
in the low line. On Jan. 18 a reduction in the number of spines in both lines to near 
the normal is indicated; and on Jan. 26, an increase again in both lines. 
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4 

4 
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II 
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3 

4 
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II 

12.18 
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I 

3 

I 

I 

6 
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Divergences similar to those obtained in family 58 are no doubt oc- 
curring in nature at all times, and probably lead to greater differences 
there than those recorded above. Such differences as exhibited by fami- 
lies 80 and 83 (see figures 9 and 10) might have arisen in this way, and, 
while the means of certain branches from these lines might approach 
each other and even coincide, the lines as a whole would remain dis- 
tinctly different, each possessing a different mean. (See figure 27.) 

Selection within the high line 

The problem that was next undertaken was to determine whether high 
and low lines could be obtained from each of the high and low lines al- 
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ready secured. Accordingly a few specimens were selected from the 
high line as progenitors of a new high line, and a few were selected 
from the high line as progenitors of a new low line. These selections 
were made, as formerly, on the basis of past performance, and all parents 
and progeny were kept during a period of six days. The results as in- 


Table 18 

Family ^8. High line. Results of selection for high and low numbers of spines 

{Feb. 8 to Feb. 13, jgi8). 



Number 

of 

progeny 

1 

High branch 

Low branch 

1 


Period 

Number 

of 

progeny 

Mean 

spine 

number 

Number 

of 

progeny 

Mean 

spine 

number 

Difference 

I (6 days) 

595 

300 

11.47 

295 

11.48 

— .01 


dicated in the diagram on page no and in table 18 show that the mean 
spine number of the 300 specimens in the high line was 11.47 ^nd that 
of the 295 specimens in the low line was 11.48 — a difference of only .01. 
This slight result and lack of time necessitated the discontinuance of 
this experiment so that selection could be continued in the low line, but 
the data obtained from the latter leave no doubt that further work would 
have been successful. 


Selection within the low line 

Specimens with a high spine number and those with a low spine num- 
ber were selected on the basis of past performance from those of the low 
line that were living at the end of the non-selection periods. These 
were reared during three selection periods of 4, 9 and 6 days respectively. 
Selection was practiced at the end of each period and also during the 
periods. As shown in the diagram on page no and in table 19 a diver- 
gence was obtained of .19, .37, and .34 respectively during the three se- 
lection periods. A non-selection period was then inaug^irated lasting for 
II days (table 20). At the beginning of this period a representative 
group of specimens was selected in each line. A divergence of .44 re- 
sulted. Since the data thus obtained seemed to prove that two lines 
differing in their heritable characteristics had been obtained from the 
low line, the work with these lines was discontinued. 

It seems probable also that divergences of a similar sort would be 


Gsnbtics 4 : Mr 1919 







124 


R. W. HEGNER 


Table 19 

Family 58. Low line. Results of selection for high and low numbers of spines 

(Feb. 8 to Mar. 2, igi8). 



Number 

of 

progeny 

High branch 

Low branch 


Period 

Number 

of 

progeny 

Mean 

spine 

number 

Number 

of 

progeny 

Mean 

spine 

number 

Difference 

I (4 days) 

207 

71 

11.57 

136 

11.38 

.19 

2 (II days) 

228 

103 

11.29 

125 

10.92 

.37 

3 (8 days) 

287 

106 

1 

11.21 

91 

10.87 

.34 


23 days 722 Mean difference .30 


Table 20 

Family 58. Low line. Spine numbers during non-selection period 
(Mar. 2 to Mar. 13, igi8). 



Number 

of 

progeny 

High branch 

Low branch 


Period 

Number 

of 

progeny 

Mean 

spine 

number 

Number 

of 

progeny 

Mean 

spine 

number 

Difference 

I (ii days) 

224 

125 

11.38 

99 

10.94 

.44 


obtained if these two divergent branches of the low line were subjected 
to further selection as described above. 

Thus a family containing all of the descendants of a single individ- 
ual reproducing vegetatively would probably be found to consist of a 
large number of subfamilies, each differing slightly from the others in 
heritable characteristics. These divergent subfamilies would correspond 
in heritable characteristics to the small families derived from many 
“wild” individuals such as those described in part 3 of this paper (p. 105). 

PERMANENT DIVERSITIES IN DIAMETER OF SHELL AMONG THE DESCEND- 
ANTS OF A SINGLE SPECIMEN PRODUCED BY VEGETATIVE 
REPRODUCTION 

a. Diversities in diameter of shell between the high and low lines of 

family 58 

The question with which we are concerned here is, Do permanent di- 
versities in measurable heritable characteristics other than spine number 
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appear among the descendants of a single specimen reproducing vegeta- 
tively ? 

It was impossible to measure all of the specimens of family 58 that 
were examined for spine number, but at intervals during the progress 
of the work measurements were made of enough of the specimens to 
give significant means. The data obtained are presented in tables 21 to 
24 and may be summarized as follows : 

Table 21 

Family $8, Table showing distribution of diameters of shells within the high and 
low lines during the non-selection period {Jan, 15 to Jan. 26, The Uftit of 

measurement is 4.3 microns. 


Line 

Diameters 

Total 
number 
of progeny 

Mean 

diam- 

eter 

24 

25 

26 

27 

28 

29 

30 

High 

I 

5 

25 

37 

48 

10 

I 

127 

27.26 

Low 

2 

10 

25 

65 

28 

6 


136 

26.92 


Difference, .34 


Measurements were made of all progeny in both high and low lines 
from Jan. 15 to Jan. 26, 1918, a period covering parts of the second, 
third and fourth non-selection periods. Table 21 gives the distribution 
of the diameters; the total number of progeny and the means obtained. 
The mean diameter of shell in the high line was greater than that of the 
low line. The difference of .34 unit is not great, but is as large as could 
be expected considering the fact that the mean difference in spine num- 
ber at the same time was only .41. As was to be expected from previous 
tabulations a high correlation was found to exist between diameter of 


Table 22 

Family 38. Correlation table for parents and offspring with respect to diameter of 
the shell in both high and low lines during the non-selection period {Jan, 15 to Jan^ 
26, 1918). The unit of measurement is 4.3 microns. Correlation^ .489 dt .035. 

Parents 


& 



24 

25 

26 

27 

28 

29 

30 


24 


2 

I 





3 

25 


I 

8 

3 

2 



14 

26 

I 

5 

10 

24 

4 



44 

27 


4 

13 

45 

23 

3 


88 

28 


I 

5 

17 

31 

8 

I 

63 

29 




I 

3 

I 


5 

30 ^ 










I 

13 

37 

90 

63 

12 

I 1 

217 
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shell and spine number (table 22). We may conclude, therefore, that 
permanent diversities in the diameter of the shell, as well as in spine 
number, have appeared among the descendants of specimen 58 during 
vegetative reproduction. It is remarkable how constant these character- 
istics are among the progeny of a single specimen, but this very con- 
stancy emphasizes the importance of the differences observed. 

b. Diversities in diameter of shell between the high and low branches of 

the low line of family 58 

The next question is. Is there a difference in the diameter of the shell 
in the high and low branches of the low line of family 58 corresponding 
to the difference in spine number? Measurements were made of all 
progeny in these two branches from Feb. 14 to Feb. 23 and from Mar. 
7 to Mar. 13, 1918. The distribution of diameters of shells, the total 
number of progeny, and the means for both these periods and for the 
two periods combined are tabulated in table 23. This table shows that 

Table 23 

Family 58. Low Line. Table showing the distribution of diameters of shells within 
the high and low branches of the low line for two periods (Feb. 14 to Feb. 23, and 
Mar. 7 to Mar. 13, 19x8). The unit of measurement is 4.3 microns. 


Branch 

Date 

Diameters 

Total 
number 
of progeny 

Mean 

diam- 

eter 

25 

26 

27 

28: 

29 

30 

High 

Feb. 14-23 

4 

12 

42 

25 

8 


91 

27.23 

Low 

Feb. 14-23 

I 

27 

S6 

34 

6 


124 

27.13 

High 

Mar. 7-13 

2 

18 

38 

29 

5 

I 

93 

27.21 

Low 

Mar. 7-13 

8 

28 

20 

15 

5 


76 

26.68 

High 

Feb. 14-23 
Mar. 7-13 

6 

30 

80 

54 

13 

I 

184 

27.22 

Low 

Feb. 14-23 
Mar. 7-13 

9 

55 

76 

49 

II 


200 

26.96 


Difference .26 


during the period from Feb. 14 to Feb. 23, the high branch had a mean 
shell diameter .10 units greater than that of the low branch; that dur- 
ing the period from Mar. 7 to Mar. 13 this difference was .53 units; and 
that when the two periods are combined the difference is .26 units. At 
the same time the mean difference in spine number was .40. 
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These data prove that there is a difference between the mean diameter 
of the shells in the high and low branches of the low line of family 58 
corresponding to the difference between them in mean spine number. 
The positive correlation between these characters within this family is 
similar to that found in a '‘wild’’ population (compare tables 24 and i). 


Table 24 

Family 58. Correlation table for spine number and diameter of the shell in both 
high and low lines during the non-selection period {Jan. 13 to Jan. 26, igi8). The 
unit of measurement is 4.3 microns. Correlation, .255 ±: .042. 

Diameter 

24 25 26 27 28 29 30 


9 

2 2 

4 

10 

I 2 13 20 14 

50 

II 

7 l6 36 24 5 

88 

12 

4 5 27 22 4 

62 

13 

I 3 7 3 I 

15 

14 

2 I 

3 


I 13 37 90 68 12 I 

222 


DIVERSITIES IN DIAMETER OF SHELL AND IN SPINE NUMBER DUE TO SUD- 
DEN LARGE VARIATIONS (“mUTATIONS'’ ) 

As Stated above, the constancy in both diameter of shell and spine 
number during the vegetative reproduction of Arcella dentata is remark- 
able. The difference in diameter of shell between parent and offspring 
is seldom greater than 2 units (each unit being 4.3 microns) and that in 
spine number usually not more than i or 2. In four cases there appeared 
in the cultures under observation, differences in diameter of shell be- 
tween parent and offspring that were so great as to be conspicuous. In 
all of these cases the parents belonged to the low line (E) and the off- 
spring were smaller than their parents. Three of the branches estab- 
lished by these small offspring can be disposed of very briefly; the other 
two deserve more extended treatment. 

Branch EF 

Specimen EF was the ninth offspring of a parent ( 58.1.1.1. 4.2. i.i.i 
.i.i.i.i.i) that had nine spines and measured 25 units in diameter. EF 
also had nine spines but measured only 22 units in diameter. At the 
time EF appeared (December 22) the mean spine number of the low 
line (E) was 10.48 and the mean diameter 26.81 units. Part of the de- 
scendants of EF are shown in pedigree form in figure 18. The diameter 
of shell and spine number are small in the first generation, but increase to 
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Figure i8. — Part of the pedigree of branch EF. The number before each dash is 
the spine number; that after each dash, the diameter in units of 4.3 microns. 

the mean of the line in the third generation. The small diameter of EF 
was therefore only temporary and probably due to some environmental 
influence, and the small diameters of the first and second generations in- 
dicate that when the decrease in size is not due to a change in the germ 
plasm, it requires about three generations for the descendants of a very 
small specimen to reach the normal size. 



Figure 19.— Part of the pedigree of branch E 421 . The number before each dash is 
the spine number; that after each dash, the diameter in units of 4.3 microns. 
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Branch E421 

The progenitor of this branch, whose full label is 58.1.1.1.4.2.1.1.1.1 
.4.2,1., arose on December 8 from a specimen with nine spines and a 
diameter near the average of the parent line. Figure 19 gives part of 
the pedigree of this branch and shows that although small specimens 
still appeared in the fourth generation, there was a gradual increase in 
diameter and spine number that would probably have resulted in the at- 
tainment of a mean spine number of about 10.69 ^ mean diameter 

of shell of about 26.81 which were those of the line E (on December 27, 
1917), from which this branch was derived. It is, of course, possible 
that some of the sub-branches may have remained small, but lack of time 
necessitated the elimination of the entire branch. 

Branch EM 

Specimen EM was also a member of branch E of the low line. Its 
entire label is 58.1.1.1.4.2.1.1.1.1,1.1.1.1.1.1.3. It was regular in form, 
had 8 spines, and was only 18 units in diameter (figure 22, B) ; whereas 
the mean spine number of the low line at the time EM appeared (De- 
cember 13) was 10.69 ^he diameter (on December 27) was 26.81 

Table 25 

Family 58, Branch EM, Table showing the number of progeny and their mean 
diameter for ten generations {Dec. 13, 1917, to Jan. ip, 1918). The unit of measure- 
ment is 4.3 microns. 


Number of 

Number of 

Mean 

generation 

progeny 

diameter 

I 

10 

23.40 

2 

32 

25.34 

3 

54 

26.01 

4 

52 

26.34 

5 

47 

26.31 

6 

41 

26.41 

7 1 

27 

27.11 

8 

18 

27.00 

9 

24 

26.62 

10 

98 

26.51 

Total 

403 
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Table 26 

Family 58, Branch EM, Correlation table fof spine number and diameter of shell 
of gy specimens. The unit of measurement is 4,3 microns. Correlation ,368 ± ,059, 


a; 

i 

Q 


Spine number 

8 9 10 11 12 

23 

2 1 

3 

24 

132 

6 

25 

I I 14 6 I 

23 

26 

I 2 23 19 6 

51 

27 

3 8 I 

12 

28 

I I 

_ .1 

2 

j 6 44 36 £> 1 

97 


units. The parent of EM had lo spines and was 27 units in diameter. 
This parent gave rise to offspring normal in diameter and spine number 
both before and ait^r EM appeared. Measurements were not made of 
the specimens but the spine number is indicated in the pedigree shown in 
figure 20. 

By December 29, the descendants of EM had increased to 58 and it 
became necessary to eliminate some of them. Since the diameter and 
spine number seemed to increase at each succeeding generation, it was 
decided to try to get enough specimens in each of the first ten genera- 
tions to furnish significant means for each generation. As tables 25, 26 
and 27 show, EM produced ten offspring whose mean diameter was 
23.40. There was a gradual increase in the mean diameter during the 
first four generations (figure 21) and then fluctuations until the tenth 
generation (January 19, 1918) when the work was stopped. During 
the period when these progeny were obtained (December 13, 1917, to 



Figure 20. — Pedigree showing the parent of specimen EM and five of the sisters of 
EM. The number before each dash is the spine number; that after each dash, the 
diameter in units of 4.3 microns. 
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Figure 21. — The first part of the pedigree of branch EM. The number before each 
dash is the spine number; that after each dash, the diameter in units of 4.3 microns. 

January 19, 1918) the mean diameter of the low line E from which 
EM arose was 26.81 units (on December 27, 1917) and the mean spine 
number 10.62. These data indicate that the divergence of EM and the 
first 4 or 5 generations derived from it was only temporary and that 
EM could not be called a mutation in the sense that its germ plasm had 
become permanently modified. As noted above in the case of branch EF 
(page 128) when for some reason a specimen appears that is markedly 
different in size from its parent, this decrease in size being due to some 
environmental factor, it seems to require several generations before the 
parental condition is regained. At certain times during the cultivation 
of branch EM sudden increases and decreases in the diameter and spine 
numbers of all the progeny occurred similar to those noted in the other 

Table 27 

Family 58, Branch EM. Table showing a notable increase and subsequent decrease 
in spine number and in diameter of the shell. The unit of measu*'ement is 4.3 microns. 



Number 

Mean 

Mean 

Date 

of 

spine 

diam- 


progeny 

number 

eter 

Feb. 2 

9 

11.22 

27-55 

Feb. 7 

7 

12.28 

28.8s 

Feb. 9 

8 

10.87 

27.50 
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branches of family 58 (see page 121 ). Table 27 gives the data for a few 
days during which a notable increase and subsequent decrease took place. 

Branch ED 

The work carried on with this branch was more extensive than with 
the other branches described above, and led to the greatest divergences 
that were discovered during the entire work. The specimen ED ap- 
peared on December 22, 1917. Its complete label is 58.1.1.1.4.2.1.1.1.1 
.1.1. 1. 1. 8. It was the eighth offspring of a specimen that was of aver- 
age size and whose other offspring were of average size. ED itself is 
very close to the mean of the race, measuring 26 units in diameter and 
possessing 9 spines. The line from which it arose had a mean spine 
number at this time of 10.48 and a mean diameter of 26.81 units. ED 



Figure 22 . — Members of the branch EM. A, the parent of EM with 10 spines and 
a diameter of 116 microns. B, EM with 8 spines and a diameter of 77 microns. C, 
the first ofifspringf of EM, with 9 spines and a diameter of 99 microns. D, a typical 
member of the fourth generation with 10 spines and a diameter of 116 microns. 
X 207. 

produced 8 offspring with a mean diameter of 20 units and a mean spine 
number of 8.80. The diagram on page 133 (figure 24) gives a portion 
of the pedigree of this branch; figure 23 on the same page indicates 
graphically the principal phases of the work; and table 28 gives 
the mean diameters and spine numbers of the generations from i to 24. 
All parents and offspring in this branch were kept for a period of 20 
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Figure 23. — Diagram showing data obtained during the cultivation of branch ED. 
The data are arranged as in figure ii. 



Figure 24. — Part of the pedigree of branch ED beginning with specimen ED. The 
number before each dash is the spine number; that after each dash, the diameter in 
units of 4.3 microns. The letter E indicates that the shell was empty. 

days until there were 123 in all. Then a representative lot of 22 speci- 
mens were taken and for a period of 27 days all parents were eliminated 
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Table 28 

Family 38, Branch ED, Table showing the mean diameter and mean spine number 
for generations i to 24 (Dec. 22, igi7 to Feb. 22, iqi8). This table includes the large 
specimens belonging to the subbranch EDA, but not the members of the subbranches 
EDB and EDC. The unit of measurement is 4.3 microns. 


Number of 
generations 

Number of 
specimens 

Mean 

diameter 

Mean number 
of spines 

I 

8 

20.00 

8.80 

2 

12 

2175 

9.25 

3 

28 

2278 

974 

4 

28 

23 57 

10.10 

5 

20 

24.30 

10.00 

6 

22 

24.13 

10.54 

7 

15 

23.60 

9.66 

8 

10 

23.50 

10. 10 

9 

9 

23.88 

10.22 

10 

13 

24.00 

10.30 

II 

9 

23.44 

10.22 

12 

8 

23.12 

9.37 

13 

6 

23.83 

9.33 

14 

6 

! 23.33 

9.66 

15 

14 

23.57 

9.57 

16 

24 

23.50 

10.08 

17 

19 

23.42 

9.84 

18. 

6 

24.33 

9.33 

19 

15 

24.53 

10.33 

20 

15 

24.00 

10.06 

21 

II 

23.73 

10.00 

22 

8 

23.37 

10.25 

23 

5 

24.00 

10.40 

24 

I 

24.00 

9.00 

1-24 

312 

23.51 

9.91 


as soon as they had reproduced and the offspring were kept. Then for 
II days both parents and offspring were kept. During these three 
periods, totaling 58 days, records were made of 312 offspring. These 
had a mean diameter of 23.51 units and a mean spine number of 9.91. 
During the same period the low line E from which, ED arose had a mean 
diameter of 27.05 and a mean spine number of 10.99. There is thus a 
'difference in diameter of 3.54 units and in spine number of 1.08. 

In the fifth and sixth generations of this branch there appeared in one 
subbranch a remarkable increase in diameter and in spine number, as 
shown in the diagram on p. 137 (figure 26, EDA). This increase may 
be tabulated as follows : 
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Generation 

Spine number 

Diameter 

I 

8 

22 

2 

8 

24 

3 

lO 

24 

4 

II 

26 

5 

13 

31 

6 

i6 

32 


Several empty shells were thrown by members of this subbranch, but 
empty shells were of rather frequent occurrence in all the lines studied 
and in the other lines did not cause any such remarkable changes. There 
were only three very large specimens produced ; these measured respec- 
tively 31, 31, and 32 units in diameter, and assessed 13, 14 and 16 
spines respectively. No further offspring were obtained from these nor 
from their progenitors although every care was taken to keep them in 
favorable cultural conditions. 

On February 20 it was decided to try selection with those members 
of the branch ED that remained alive at that time. Four specimens were 
selected on the basis of past performance to start a high line and 4 to 
start a low line. The diameters and spine numbers of these were as 
follows : 


High line 

Low line 

Diameter 

Spine number 

1 

Diameter 

Spine number 

24 

10 

22 

9 

25 

II 

22 

10 

25 

10 

22 

9 

26 


19 

9 


During a period of 9 days fifty-five offspring were produced in the 
high line with a mean diameter of 27.07 units and a mean spine number 
of 1 1. 16, and 21 offspring in the low line with a mean diameter of 23.61 
and a mean spine number of 10. 10 (table 29). 

Twenty-two representative specimens were then taken from the high 
line and all of the 21 in the low line were kept. All parents were elimi- 
nated as soon as they reproduced and the offspring retained. The num- 
ber of offspring and means obtained during this period of 13 days are 
given in table 29. 

Four specimens were then selected from the high line for the purpose 
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Table 29 

Family $8, Branch ED. Table showing mean diameter and mean spine number 
during one period (Feb. 20 to Feb. 28, igi8) and a subsequent non-selection period 
(Mar. I to Mar. 13, igi8). The unit of measurement is 4.3 microns. 



Num- 

ber 

of 

prog- 

eny 

High branch 

Low branch 

Mean difference 

Period 

Number 

of 

progeny 

Mean 

spine 

number 

Mean 

diam- 

eter 

Number 

of 

progeny 

Mean 

spine 

number 

Mean 

diam- 

eter 

Spine 

num- 

ber 

Diameter 

Selection ( 9 days) 

76 ' 

55 

11.16 

27-07 

21 

lO.IO 

23.61 

1.06 

3-64 

Non-selection (13 days) 

! 224 

109 

12.06 

28.09 

115 

9-94 

23.66 

2.12 

4.43 


300 


of determining how large a line could be obtained. These four gave 
rise to II offspring and then stopped reproducing (figure 26, EDB). 
No more offspring appeared, although the specimens were very carefully 
looked after. These ii offspring had a mean diameter of 35.54 units 
and a mean spine number of 17.54. The largest specimen measured 40 
units in diameter and possessed 20 spines. This is the largest specimen 
discovered during the entire course of the work. Arcellas with from 13 
to 15 spines and with a diameter of from 34 to 36 units were taken from 
the pond and many of them reared in the laboratory in other lines, and 



Figure 2S.—Members of the branch ED. A, the progenitor of the branch ED 
with 9 spines and a diameter of 112 microns. B, die first offspring of ED, with 9 
spines and a diameter of 99 microns. C, the second offspring of ED, with indistinct 
spines and a diameter of 82 microns. D, the third offspring of ED, with 8 spines and 
a diameter of 95 microns. E, the largest specimen from the subbranch EDB, with 
20 spines and a diameter of 172 microns. X 207. 
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Figure 26. — Diagram showing the magnitude of the diversities in spine number that 
appeared during the vegetative reproduction of family 58. The distances between the 
horizontal lines indicate the differences between the mean spine numbers of the 
lines studied. A mean difference of one spine is equal to a vertical distance of 37 mm 
in the diagram. The diagram shows that before selection was begun, the mean spine 
number of the members of the family was 10.87. A high line (H) and a low line (L) 
were obtained during six selection periods with a final difference of 11.48 — 10.32, or 
1. 16. The high and low lines remained different during four succeeding non-selection 
periods, the final difference being 11.69 — 11.26, or .43. Selection was then started 
in the high line and was continued for one period resulting in a difference of only 
.01 between the high branch AG and the low branch AH. Selection was also begun 
in the low line at the same time and was carried on for three periods, EG and EH, a 
final difference of 11.21 — 10,87, or -34. being obtained. This was followed by a 
single non-selection period which ended with a difference of 11.38 — 10.94, or .44. 

During the third selection period a very small individual, EM, appeared in branch E, 
but this proved to be only a temporary divergence since its descendants by the end 
of three periods had attained a mean spine number (10.65) at least equal to that of 
the parent branch £. 

During the fifth selection period an individual, named ED, appeared in branch E 
and produced descendants with a much lower spine number than the parent branch. 
The main branch ED remained at a lower level than the parent branch E, but three 
branches, EDA, EDB and EDC originated from it which reached a higher mean 
spine number than any other lines studied, namely, 13.15 in branch EDA, 17.54 in 
branch EDB, and 12.80 in branch EDC. More detailed data will be found in diagram 
II on page no, and several other branches that were studied will be found de- 
scribed in the text, having been omitted from the diagram for the sake of simplicity. 
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even specimens with 16 or 17 spines and a diameter of 37 units were 
recorded, but none were found that approached this in number of spines 
or in diameter except in this particular branch .of the line ED. 

At the same time that the high line in this branch ED was being 
studied, an attempt was made to obtafn a further divergence between the 
specimens in the low line. Two specimens were selected for the high 
line and two for the low line as follows : 


High line 

Low line 

Spine number 

Diameter 

Spine number 

Diameter 

10 

27 

10 

24 

12 

27 

9 

22 


Only five offspring were produced by the two specimens selected for 
the high line (figure 26, EDC). These had a mean diameter of 28.20 
units and a mean spine number of 12.80. No further offspring appeared 
and all of the specimens died. 

In the low line after the 2 selected specimens had increased to 22, par- 
ents were eliminated and offspring kept whenever reproduction occurred. 
This procedure was maintained for 42 days (from March 14 to April 
24, 1918). Table 30 shows the correlation between diameters and spine 

Table 30 

Family $8. Branch ED. Correlation table for spine number and diameter of shell 
in low subbranch of the low branch {March 14 to April 24, 1918). The unit of 
measurement is 4.3 microns. Correlation, .$31 ± J041. 


Spine number 

7 8 9 10 II 12 


16 

I 

I 

17 


0 

18 


0 

19 


0 

20 

2 

2 

21 

i 2 

1 ^ 

22 

I I II 5 I 

19 

23 

I 18 31 9 

59 

24 

I 8 21 13 3 

46 

25 

I 7 j 

8 

26 

2 

2 

I 3 42 57 32 3 

139 


numbers during this period. The mean spine number of the 139 progeny 
recorded is 9.88 and the mean diameter of the same progeny is 23.23 
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(see figure 23). All progeny were below the mean diameter of the line 
from which their original progenitor was derived and the mean diameter 
of this branch is nearly the same as the mean of the first large group of 
312 reared before selection was begun (figure 23). 

It seems clear, therefore, that the line ED had become permanently 
different from the original line E from which it arose both with respect 
to diameter and to spine number. It seems strange that this small deriva- 
tive of the original line E should give rise to three branches EDA, EDB 
and EDC which are larger than any other branches in the entire family 
58 (figure 26). Another phenomenon that needs to be accounted for is 
the dying out of all of the members of these large branches. The prob- 
able reason for this will be pointed out in a later paper, where the rela- 
tions between nucleus and cytoplasm are described. 

Some time after branch ED appeared it was discovered in another line 
that specimens with a single nucleus could be obtained by removing one 
of the two normally present, and that these uninucleate specimens would 
produce uninucleate progeny. These uninucleate progeny in every case 
had shells that were smaller than those of their modified parents as well 
as fewer spines. All uninucleate progeny that appeared later likewise 
possessed smaller shells. This discovery led to an examination of the 
nuclear condition of the members of branch ED since the small size of 
these specimens might be due to the presence of only one nucleus instead 
of the normal number, two. It was impossible to determine with cer- 
tainty the nuclear condition of all of the progeny of ED because of their 
small size, the color of the shell, and the large amount of food material 
often contained in them, but in a large number of cases two nuclei were 
plainly visible even in some of the smallest specimens measuring 22 units 
in diameter or less, and only in three or four specimens was it possible to 
conclude that only one nucleus was present. If the few cases of this 
kind were thrown out of the foregoing calculations, they would make 
practically no difference in the results. 

EMPTY SHELLS 

At irregular intervals during the course of this investigation new shells 
were formed which separated from the parent organism without being 
provided with any protoplasm. These empty shells appeared in all the 
lines under cultivation and no factors were discovered that would ac- 
count for their production. In family 58 a total of 59 empty shells was 
recorded or about one percent of the specimens studied in this entire 
family. Since the empty shells were almost always smaller than their 


Genetics 4 : Mr 1919 



140 


R. W. HEGNER 


Table 31 

Family 58. Table showing the relations between empty shells and their parents and 
older and younger sisters, with respect to spine number and diameter in ten cases. The 
unit of measurement is 4.3 microns. 
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parents and possessed a lesser number of spines, they were not included 
in the data presented in the preceding pages. 

Table 31 gives the data with regard to ten representative empty shells. 
In a few cases the number of spines possessed by the empty shell could 
not be determined; in a number of cases the diameters of the empty 
shells, parents, and sisters were not obtained; and in 35 instances the 
empty shell represented the first offspring and hence had no older sister, 
and some of the parents were eliminated before a younger sister was 
produced. 

The data obtained show that of the 59 empty shells in family 58, 

35 were the first offspring of their parents; 

12 were the second; 

4 were the third; 

3 were the fourth; 

3 were the fifth; and 
2 were the eighth. 

The comparatively large number belonging to the first and second 
generations is no doubt due to the fact that most of the specimens in the 
family were eliminated after producing one or 2 offspring. The empty 
shells possessed fewer spines than their parents in 45 cases, a greater 
number in 5 cases, and an equal number in 2 cases. They were smaller 
than their parents in 38 cases; lai^^er in 2 cases, and equal in size in 2 
cases. 
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The relations between the empty shells and their older and younger 
sisters, i.e., the progeny of the same parent just preceding or succeeding 
them, were determined with the following results. The spine number of 
the older sister was greater than that of the empty shell in 18 cases, less 
in I case, and equal to it in i case. The spine number of the younger 
sister was greater than that of the empty shell in 47 cases, less in 2 cases, 
and equal to it in 5 cases. The spine number of the older sister was 
greater than that of the younger sister in 6 cases, less in 5 cases, and 
equal to it in 2 cases. The spine number of the parent was greater than 
that of the younger sister in 16 cases, less in 21 cases, and equal to it in 
5 cases. It seems evident from these results that the production of 
empty shells has no appreciable influence upon the spine niunber of later 
offspring (younger sisters) from the same parent. 

Similar relations have been found with regard to the size of the empty 
shells, their parents, and older and younger sisters. These relations are 
as follows: 

Empty shells were smaller than the parents in 38 cases; 
larger in 2 cases; 
equal in 3 cases. 

Empty shells were smaller than the older sisters in 16 cases; 
equal in i case. 

Empty shells were smaller than the younger sisters in 36 cases; 
equal in 2 cases. 

Younger sisters were larger than the older sisters in 5 cases; 
smaller in 6 cases; 
equal in 2 cases. 

Younger sisters were larger than parents in 19 cases; 

smaller in 12 cases ; 
equal in 5 cases. 

These data show that the empty shells are almost always smaller than 
their parents, and smaller than their older and younger sisters. The in- 
fluence of the production of the empty shell upon the succeeding off- 
spring (younger sister) from any given parent is indicated in the last 
set of data presented above. The next offspring produced after an empty 
shell is formed is in more than half of the cases larger than the parent. 
'Why this should be so is unknown, but the empty shells are doubtless 
empty because of a disturbance at the time of reproduction and probably 
there was not sufficient protoplasm for the production of a normal indi- 
vidual. If this were the case there would be a superabundance of proto- 
plasm ready by the time of the next fission and the next offspring 
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(younger sister) would tend to be larger than its parent. However, 
there is no appreciable difference in size between the offspring preceding 
and the one succeeding the production of the empty shells, so until more 
extensive data are available the causes and effects of empty shell forma- 
tion will have to remain unexplained. 

It is worthy of note, nevertheless, that two of the sudden increases in 
diameter and spine number in branch ED (see figure 26) were both pre- 
ceded by the formation of empty shells. In a number of other cases, on 
the other hand, sudden increases in size and spine number occurred in all 
the lines under cultivation at the same time without the intervention of 
empty shell production. 

In a number of experiments on Arcellas taken from family 58 or di- 
rectly from the pond, it was found that specimens when deprived of one 
of their two nuclei always formed an empty shell just before the bi- 
nucleate condition was regained. Apparently nothing of this kind hap- 
pened in the 59 cases described above, since in many specimens the nuclear 
condition was examined and two nuclei were always present (Hegner 
1919). 


Conclusion 

We may therefore ignore the empty shells in our studies of diversi- 
ties in these organisms, at least until we know more about the condi- 
tions that cause their formation. 

DISCUSSION 

A number of questions have suggested themselves during the course 
of these studies which may profitably be grouped together in this dis- 
cussion. 

I. How does selection operate when practiced on Arcella durii^ vege- 
tative reproduction? 

This question is of considerable importance since the significance of 
the results recorded in this contribution can not be realized until the 
fundamental difference between selection among sexually and asexually 
reproducing organisms is clearly understood. If it had been possible to 
take care of all of the descendants resulting from the vegetative repro- 
duction of the single individual (No. 58) with which these lines were 
started, and if the pedigree of all these descendants were constructed ac- 
cording to the scheme indicated on page no, the same lines and branches 
would appear in this pedigree that have been described in the foregoing 
pages, but besides this hundreds of other branches would also appear, 
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Figure 27. — Diagram showing the various heritably diverse branches with respect 
to spine number and diameter that may arise from a single specimen of Arcella 
dentata during vegetative reproduction. OP = original progenitor. A high line A 
and a low line B are isolated by selection. The means of these lines then regress 
slightly toward the mean of the entire family, but soon become almost stationary 
although branches from both lines cross each other. For further explanation, see 
page 145. 

such as are indicated in figure 27, branches that were eliminated during 
the experiments because of lack of time and strength to keep them go- 
ing. In other words, there has been no selection of existing heritable 
factors that are contributed to the progeny by two different parents, as 
is usually the case when selection is practiced among sexually repro- 
ducing organisms ; but specimens have been picked out from a pedigree 
resulting from the successive divisions of a single germ plasm. 

2. Are shell characteristics influenced by the environment? 

There is a peculiarity exhibited by many of the correlation tables that 
have been made up that needs consideration. Offspring of parents with 
a spine number near the lower limit, e.g., those of parents with 8 or 9 
spines, possess an exceptionally high mean spine number. 

Two sets of factors must be considered in interpreting such tables, 
(i) hereditary factors and (2) environmental factors. It seems per- 
fectly clear that the influence of heredity is very strong. As regards the 
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environment, although this was kept as uniform as possible at all times, 
still small solid objects such as minute grains of sand might modify the 
shell of the offspring while it is. still in a plastic condition, so as to pre- 
vent the development of the complete (hereditary) spine number. This 
would account for some of the offspring with 7, 8 and 9 spines that were 
produced by parents with 1 1 and 12 spines. The hereditary factor would 
tend to express itself again in the next generation, hence, e.g., offspring 
with 8 spines would produce offspring with 10, ii, 12 or 13, as shown in 
the tables. This may account for the exceptionally high mean spine num- 
ber of the progeny of parents with 8 spines as shown in table 5. Many 
of the low-spined specimens here recorded were not regular, but, as in- 
dicated in figure 12, C, large spaces sometimes occurred which might 
be due to the suppression of one or more spines by some obstruction in 
the environment. 

Mechanical environmental factors might thus cause a decrease in spine 
number, but probably could not produce an increase; thus the mean 
spine number of the offspring of high-spined parents would tend to be 
lower than their hereditary constitution. Other environmental factors 
may affect the organism at the time of reproduction or during the inter- 
vals between fissions. In the latter case the results of their influence 
would not be visible until reproduction occurs, and then only in the Off- 
spring, since the shell of the parent is not modified after it is once 
formed. 

In this connection we may also refer to the increases and decreases in 
spine number that have several times been found to occur simultaneously 
in all of the lines under cultivation. Examples of this are cited in both 
the high and low lines of family 58 (page 121) and in branch EM (page 
131 ) , and data are presented in tables 17 and 27. The most plausible sug- 
gestion to account for this is that some cultural condition favorable for 
the growth of the organisms caused an increase in size, and a subsequent 
less favorable condition resulted in a reversion to the previous state 
which we have called ‘^normal.^’ This increase in size would be ac- 
companied by an increase in the spine number, since these two characters 
are closely correlated. 

3. Why was there a decrease in the amount of diversity between the 
high and low lines of family 58 after selection was discontinued? 

The lesser difference between the high and low lines at the end of the 
non-selection periods than at the beginning is probably due to the appear- 
ance in the high line of heritable variations toward a lower spine num- 
ber, and in the low line of similar variations toward a higher spine num- 
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ber. Specimens exhibiting such variations would have been removed 
during the selection periods and hence would not have been allowed to 
produce offspring which would lower or raise the means in the two lines. 

In other words, the differences between the means of the two lines 
during the selection periods appear greater than they really were, and 
when selection was stopped, the true condition was revealed. From this 
time on there should be no great fluctuations in the magnitude of the 
difference between the means except those due to environmental influen- 
ces. This proved to be true, as the data show clearly. 

Figure 27 was made on the basis of the data presented in this paper 
to illustrate what probably happens during the vegetative reproduction of 
Arcella dentata. Part of the hereditarily diverse branches that result 
during the vegetative reproduction of a single specimen are here shown. 
Suppose for purposes of illustration that we have by selection picked 
out of the entire pedigree the high line A and the low line B. If we then 
discontinued selection we would obtain a pedigree in which lines A and B 
would give rise to the branches AA, AB and BA, BB. and from these 
in turn would be derived various other branches, a few of which 
are indicated in the diagram. Some of these branches would have a mean 
similar to A and B, but other branches would liave a mean either above 
or below that of the line from which they sprang. Finally an upper 
limit, represented in the diagram by branch AAAA, would be reached 
beyond which an increase in size and spine number is not possible, just 
as there is a well known limit to the size of all species of organisms. 
And similarly a lower limit, BBBB, would also be reached. Some of 
the branches of the high line A, such as ABBB, would coincide with or 
even possess a lower mean size and spine number than certain branches 
of the low line B, such as BAAB. And certain branches of the low line 
B, such as BAAA, would become higher than some of the branches of 
the high line A, such as AACB. The mean size and spine number of the 
entire group of specimens obtained after selection ceased (S in figure 
27) would at first decrease slightly in line A and increase slightly in 
line B, but thereafter would fluctuate very little and the two lines A and 
B would remain distinct indefinitely. 

The fact that there appears to be both an upper and a lower limit to 
the size and spine number in these organisms may account for the slight 
difference of .0;? during the second non-selection period (see figures ii 
and 26). When the high line reached a mean spine number of 11.90 
during the first non-selection period, its upper limit for this character had 
about been reached. After this upper limit had been reached by the high 
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line, the low line continued to increase in spine number until it almost 
attained this upper limit, having a mean spine number of 11.84 in the 
second non-selection period. Then when the environment changed and 
a decline in spine number set in, the mean of the low line decreased more 
than that of the high line and a difference of .41 resulted during the third 
non-selection period. A simultaneous increase in spine number again 
appeared during the fourth non-selection period but at this time there 
was no near approach to the .upper limit and the increase in the high line 
(.27) was greater than that in the low line (.25). 

5. Are diversities due to large or small heritable variations? 

The studies of family 58 suggest that the diversities obtained were 
due to barely distinguishable heritable variations and that an actual 
shifting of the mean and the mode has occurred in this way. The estab- 
lishment of branch ED, however, as a permanently small line, proves 
that hereditarily diverse lines may be produced by the appearance of a 
few extreme specimens. The fact should not be overlooked that when 
an extreme specimen arises, such as EM (page 129), whose diversity is 
not hereditary, it requires several generations before the mean condition 
of the line is regained. It may therefore also be true that a large 
change in the hereditary constitution of a specimen would not appear in 
its entirety in the first generation, although the fi progeny would exhibit 
it in part, but would become fully manifest only in about the third or 
fourth generations. While it does not seem probable that the high 
and low lines of family 58 have originated in this way, still it is a pos- 
sibility that must be kept in mind. 

It also seems probable that mutations may have occurred more often 
than actually observed, since, because they were not visible in the first 
generation, they might have been discarded. Especially is this true of 
mutations toward a lower spine number in the high line and a higher 
spine number in the low line. This may account for the fact that the 
supposed mutations discovered in the latter were all smaller than the 
mean of the line. 

6. How do diversities in heritable characteristics originate during 
vegetative reproduction in Arcella dentata, i.e., what is the method of 
evolution in these organisms? 

The germ plasm of organisms that are producing vegetatively is com- 
monly supposed to divide into two qualitatively equal parts at each di- 
vision and the descendants therefore should all be alike. The fact that 
branches of such a family as No. 58 are permanently diverse, proves that 
changes have occurred in the constitution of the germ plasm during vege- 
tative reproduction ; that is, evolution has taken place. These changes in 
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the constitution of the germ plasm may be due to two causes, ( i ) un- 
equal distributions of qualitatively different germinal materials (factors 
or parts of factors?) during fission, or (2) actual changes (chemical?) 
in the germ plasm arising spontaneously or initiated by the internal or 
external environment. 

The presence of a conspicuous network of chromidia in Arcella, which 
has been identified as idioplasm, may lead during fission to differences 
in parent and offspring in chromatin content which would account for 
the heritable diversities discovered. The removal of part of this chro- 
midial network, however, as will be shown in another paper, has no ef- 
fect upon the heritable characteristics of the line. It may also be that 
nuclear reorganization processes occur during vegetative reproduction, 
such as take place in Paramecium, but nothing of the kind has been ob- 
served in the thousands of specimens examined, although the nuclei may 
easily be seen in the living animal. This problem can not profitably be 
discussed further at this time, since, although more is known about the 
nuclear phenomena and reproductive processes in Arcella than in any 
other rhizopod, still many of the investigations need to be checked up 
and there is much still to be learned. Arcella, however, offers many ad- 
vantages for the study of the problem of the method of evolution and 
further investigations along this line are now in progress. 

7. How do the results obtained from these studies of Arcella dentata 
compare with those previously reported by other investigators ? 

Most of the investigators who have attempted to change the genotype 
by selection in Protozoa that are reproducing vegetatively, have failed.^ 
Middleton (1915), however, succeeded in obtaining from a single pro- 
genitor two lines of Stylonychia that differed in fission rate, and Jen- 
nings (1916) demonstrated the fact that vegetative reproduction in 
Difflugia corona is accompanied by minute heritable variations in a num- 
ber of measurable characters resulting in branches that differ markedly 
in their genotypic condition. The investigations reported in this paper 
show that Arcella dentata resembles Difflugia corona in this respect and 
confirm many of Jennings’s discoveries. Since these two organisms re- 
semble each other very closely, it may be worth while to compare briefly 
the results of Jennings’s investigations on Difflugia with those reported 
herein on Arcella. 

Among the characters of Difflugia corona studied by Jennings are 
spine number and diameter. The spines of Difflugia corona vary from 

2 For the literature on this subject see Johannsen (1913), Middleton (1915), Jen- 
nings (1916), Ackert (1916), Root (1918). 
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o to 14, those of Arcella dewtata from 7 to 20. In both organisms, (i) 
families resulting from the vegetative reproduction of single “wild” 
specimens were obtained which were hereditarily diverse with r^ard to 
spine number; (2) families diverse in shell diameter were discovered; 
(3) deviations of the parents from the mean spine number and diameter 
are in part inherited by the offspring; (4) diameter and spine number 
are closely correlated, and the greater the diameter the more numerous 
are the spines; and (5) the long-continued selection of the progeny of 
a single specimen that shows deviations in these characters results in the 
isolation of lines that are heritably diverse. Mutations occur in both 
Difflugia and Arcella, but diversities in lines derived from a single speci- 
men seem to be due rather to the accumulation of many small heritable 
variations than to large ones. 


SUMMARY 

1. The main problem attacked in this investigation is. Can heritably 
diverse lines be recognized among the descendants of a single specimen 
of Arcella dentata produced by vegetative reproduction? 

2. Arcella dentata was chosen as material because it possesses several 
definite measurable characters, especially the number of spines and di- 
ameter of the shell, which are fully determined at the time of reproduc- 
tion and are not thereafter affected by growth changes, or by environ- 
mental factors (figure i). 

3. “Wild” specimens vary in spine number from 7 to 17 and in di- 
ameter from 73 microns to 1 50 microns ; these characters are correlated, 
and on the average the greater the diameter, the more numerous are the 
spines. (Tables i and 2.) 

4. Variations in spine number occur among the descendants of a single 
specimen produced by vegetative reproduction, and these variations are 
in part inherited. 

5. The hereditary constitution of different families obtained by vege- 
tative reproduction from different “wild” specimens is different with re- 
spect to spine number and diameter. A “wild” population therefore con- 
sists of a large number of hereditarily diverse fa,milies that may be iso- 
lated in the laboratory. (Tables 3, 4 and 5.) 

6. A single large family (No. 58), containing 5557 specimens and 
representing 69 generations, was obtained from a single specimen by 
vegetative reproduction. Selection within this family led to the isolatidn 
of hereditarily diverse branches as follows (figures ii and 26). 

(a) Using mostly past performance as a basis for selection, two lines 
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were obtained during a period of 64 days and involving the study of 
1192 specimens, representing 22 generations. The diflference in spine 
number between these two branches at the end of this period was 1.16 
and the mean difference for the entire period was .55. A difference in 
spine number was maintained during a succeeding non-selection period 
of 35 days; 1325 specimens and 18 generations were studied during 
this i>eriod. The difference in spine number between the high and low 
lines persisted throughout the non-selection i^riod, but decreased to an 
average mean of .46. This was to be expected since hereditary diversi- 
ties are constantly appearing both toward an increase and a decrease in 
spine number (see page 145). (Tables 6 and 14.) 

(b) The low line thus obtained was subjected to a period of selection 
of 23 days during which 722 specimens were obtained, representing 1 5 
generations. Two hereditarily diverse branches of this low line appeared 
with a mean difference in spine number of .30 which increased during a 
short succeeding non-selection period. (Table 19.) 

(c) Measurements of the diameters of the low and high lines men- 
tioned in (a) show that these lines also were diverse with respect to the 
diameter of the shell and that spine number and diameter are correlated 
throughout the entire family. The mean difference in diameter between 
the high and low lines was .34 units.’^ (Tables 21 and 22.) 

(d) Similarly there was a mean difference of .26 units in diameter 
between the high and low branches of the low lines. (Table 23.) 

(e) Four branches of family 58 were studied whose progenitors were 
markedly smaller and possessed a lesser number of spines than the other 
specimens in the low line in which they appeared. Three of these 
branches reverted to the mean condition of the low line within a few 
generations, but one of them, ED, proved to be permanently diverse in 
both spine number and diameter. It differed from the mean of the low 
line by 1.08 in spine number and by 3.54 units in diameter. (Figure 23.) 

(f) From this branch ED there appeared at different times three dis- 
tinct branches (EDA, EDB, and EDC) containing specimens larger 
and with more numerous spines than those encountered in any other part 
of the entire family 58. (Compare figures 13 and 25.) 

7. Empty shells are often produced by apparently normal specimens. 
They are almost always smaller than their parent, and smaller than their 
older and younger sisters. Their appearance seemed to have no influ- 
ence upon the heritable diversities studied. (Table 31.) 

®The unit of measurement is 4.3 microns. 
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8. A large family of Arcella dentata, therefore, derived from a single 
specimen by vegetative reproduction, consists of a number of branches 
that are hereditarily diverse with respect to diameter and spine number. 
These diverse branches resemble the hereditarily diverse families that 
were obtained by vegetative reproduction from different “wild’' speci- 
mens. 

9. The formation of such hereditarily diverse branches appears to be 
a true case of evolution that has been observed in the laboratory and that 
occurs in a similar way in nature. 


LITERATURE CITED 

Ackert, J. E., 1916 On the effect of selection in Paramecium. Genetics 1 : 387-405. 

Hegner, R, W., 1919 Quantitative relations between chromatin and cytoplasm in the 
genus Arcella, with their relations to external characters. Proc. Nat. Acad. 
Sci. 5 : Ip-22. 

Jennings, H. S., 1916 Heredity, variation and the results of selection in the uni- 
parental reproduction of Difflugia corona. Genetics 1 : 407-534. 

JOHANNSEN, W,, 1913 Elemcnte der exakten Erblichkeitslehre. Zweite Ausgabe. 
xi -|- 723 pp. Jena: Gustav Fischer. 

Leidy, J., 1879 Fresh-water rhizopods of North America. Report U. S. Geol. Survey 
of the Territories, Vol. 12, xi -f 324 pp. Washington : Government Printing 
Office. 

Middleton, A. R., 1915 Heritable variations and the results of selection in the fission 
rate of Stylonychia pustulata. Jour. Exper, Z06I. 19 : 451-503. 

Root, F. M., 1918 Inheritance in the asexual reproduction of Centropyxis aculeata. 
Genetics 3 : 174-206. 



VARIATION AND SELECTION WITHIN CLONAL LINES OF 

LEMMA MINORS 

NEMESIO BLANCO MENDIOLA 

University of the Philippines, Manila, Philippine Islands 
[Received July 24, 1918] 


TABLE OF CONTENTS 

PAGE 


Introduction iSi 

Material used I5i 

Variation within a wild population 152 

Shape of frond 152 

Speed of budding IS4 

Variation in the habit of root growth 156 

Variation in size of fronds 158 

Variation and selection in clonal lines I59 

Variation and selection in shape of frond 159 

Effect of culture media 160 

Inheritance of shape within a clone 161 

Unusual non-heritable variations in frond shape 164 

Clonal variation and selection in speed of propagation 164 

Clonal variation in size of frond 169 

Effect of culture media on clonal size variation 172 

Inheritance of acquired size 173 

Inheritance of decreased size 173 

Inheritance of increased size 

Clonal selection for size of frond 174 

Discussion and conclusions i8o 

Summary 182 

Literature cited 182 


INTRODUCTION 

The experiments herein reported were conducted for the purpose of 
adding to our knowledge concerning clonal variation and the effect of 
selection on such variation, in relation to the pure-line concept. It is un- 
necessary here to include a review of published data. It is, of course, 
generally recognized that the greater bulk of experimental evidence 
supports the pure-line theory as elaborated by Johannsen. 

MATERIAL USED 

The plants used in these experiments are commonly called duckweed 

.*• Paper No. 73, Department of plant breeding, Cobnell UNivEEsnY, Ithaca, N. Y. 
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and belong to the genus Lemna. This, according to Gray (1908), is a 
genus widely distributed over Europe, Northern Asia and North Amer- 
ica, but rare in the Tropics. The duckweeds are small, floating plants 
without distinct stems or real leaves, and may or may not have roots. 
They rarely produce flowers, the usual mode of propagation being 
through budding. The present paper is concerned only with one species, 
Lemna minor Linn. 

It is necessary to give a more than passing statement regarding the 
mode of budding. The main structure of the plant is usually called a 
frond. Some botanists regard it either as a stem, or leaf, or both fused 
together. The term “frond” is used throughout this paper. Accord- 
ing to Blodgett (1915) the frond consists of three parts: (a) a terminal 
leaf, (b)' a bud rudiment inclosed by a flattened bud scale and (c) an 
apical region from which new fronds are developed. Vertical pressure 
during the early stages of growth causes the splitting of the bud rudi- 
ment into two buds which do not develop at the same time. These out- 
growths come out as a horizontal series in an overlapping form through 
the lack of space for vertical succession. The development of the basal 
region into a stalk or stipe causes the thrusting forward of each new 
whole structure. In L. minor this basal region is attached marginally to 
the main portion of the frond ; in other species, as in L. polyrrhiza, it is 
inserted upon the vertical surface some distance from the edge. Figure 
I shows a parent frond with its offspring still attached to it. The mem- 
bers of the family are numbered consecutively in the order of the time 
of their appearance. 

VARIATION WITHIN A WILD POPULATION 

Before studying clonal variations a study within a wild population was 
made concerning shape and size of fronds, speed of propagation and 
root habits. 


Shape of frond 

Figure 2 shows fronds of various shapes taken from a population 
which was collected on December 10, 1916, from a stagnant credk at the 
Ithaca fair-grounds. The sketches were made by examining the speci- 
mens under Zeiss binoculars and tracing the outlines of the image as 
thrown over the paper with the aid of a Zeiss camera lucida. In all 
cases mature fronds, such as had already turned yellow but which were 
still attached to their offspring were studied, thus eliminating, as far as 
possible, the.effect of different ages. From the figure just referred to it 
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may be seen that there exist diverse forms of fronds in a wild popula- 
tion. To determine whether or not differences in shape are inherited, 
that is, to ascertain if different forms represent distinct strains, several 
fronds were isolated from the wild stock. Each frond was allowed to 
propagate in a tumbler containing tap water and kept in a greenhouse 
section in which the temperature was generally 15° C at night and 
25° C by day. Preliminary cultural experiments had shown that the 
plants die after a time if frequent change of water in the culture tumblers 
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Figure 2. — Fronds of Lemna minor showing variation in shape within a wild popula- 
tion. X 16 diameters. 


is not made. To meet this difficulty, the tumblers were arranged in 
rows, the members of each row being connected with one another with 
siphon tubes. By allowing the water to siphon from a big deposit jar 
into the tumblers at the head of the rows, this water in turn being si- 
phoned into those that follow, a provision was thereby made which per- 
mitted a partial but continuous change of water most of the time. 

Figure 3 shows camera drawings of fronds from two clones. Each 
figure shows individuals from one line. From a close study of these and 
similar unpublished drawings it was seen that while the individuals within 
a line vary in shape to a greater or less degree, there is much more re- 
semblance among members of the same clone than among those of dif- 
ferent lines. It is only fair to conclude from this that in a wild popula- 
tion there exist races of diverse shape. 

Speed of budding 

The term “speed” does not imply “rate.” There is no use of studying 
variation in rate of budding in L. minor since different fronds have the 
same rate of budding. Each frond produces invariably two buds and no 
case has yet been reported where more or less than this ntunber has been 
produced. However, different fronds may require different lengths of 
time to produce their offspring buds. Speed of budding may be meas- 
ured either by noting the number of days it takes for a given number 
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of new individuals to be produced from an original frond, or by de- 
termining the number of individuals produced within a given length of 
time. The latter method is simpler and was used in this study. 

In this experiment it is necessary that the starting fronds be of the 
same age. In this and in all other cases where there was necessity of 
using individuals of the same age, a number of fronds from which no 
bud had yet appeared were selected from the stock. These were then 
observed and all fronds appearing for the first time on the same day 
were taken to be of similar age. By increasing the initial number of 
starting fronds almost any reasonable number of similar-aged buds could 
be obtained. 

To determine the variation in the speed of propagation, each of a 
number of buds of the same age from which the first buds appeared at 
the same time was placed in a culture tumbler and there allowed to pro- 
pagate. After a certain number of days, the total number of fronds in 
each tumbler was counted. 

Table i contains the results obtained from three determinations and 
gives a rough idea of the degree of variation in the speed of reproduction. 


Table i 

Variation in speed of reproduction. 


Class values 

Frequency 

Dec. 30“ Jan. 9 

Feb. 20-Mar. 2 

Feb. 25-Mar. 7 

3 

0 

0 

0 

4 

5 

2 

3 

5 

8 

8 

3 

6 

14 

8 

15 

7 

22 

26 

30 

8 

7 

10 

4 

9 

3 

5 

2 

10 

I 

I 

3 

Mean 

6.517 ± .IIS 

6.883 ± .110 

6.783 ± .107 

<T 



1.266 ± .075 

C. V. 1 

20.30 ± 1.30 

18.39 1.16 

18.07 1.14 


The variations shown in the preceding table do not appear to be multi- 
modal and do not indicate that they represent different speed strains. 

Variation in the habit of root growth 
It is commonly observed that there is a tendency for plants of L. minor 
to produce curly or twisted roots. The manner of this curling or twist- 
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ing is by no means uniform. While in general the curling is only im- 
mediately below the tip, other plants have longer portions of their roots 
in a twisted condition. In a few cases, the twisting may even come to 
the middle of the root. 

The value of this habit of the plant as a character for the study of 
variation depends upon whether it is hereditary or is merely the effect 
of environment. 

Unfortunately, variation in this character cannot be measured with 
any degree of accuracy and does not lend itself readily to genetical study. 
What is worse, it makes the study of the variation in size, such as in 
length of the roots almost impossible. An attempt was made to grow a 
number of the duckweeds on 2 percent agar-containing nutrient solution, 
hoping to get straight roots which would lend themselves to measure- 
ments, but this attempt failed, the roots refusing to grow or sink into 
the agar media. 



Figure 4. — Curve showing variation in she in a population of L. minor. 
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Variation in size of fronds 

The size of a frond was determined by measuring its camera-magni- 
fied area with the aid of a small planimeter and then computing the true 
area by dividing the magnified area by 256, the number of times the ob- 
ject was magnified. Two hundred mature-population fronds which were 
of the same age and which matured at the same time were so measured. 
Table 2 gives the results of the measurement and figure 4 shows the 
frequency curve. The curve shows a tendency to three modes, one of 
these occurring at 3.16-3.45 mm^ another at 3.76-4.05 mm*, and a third 
at 6.16-6.45 mm*. It might be concluded from this that in a population 
of L. minor tljere is a probability of the existence of diverse size strains. 
Such diverse strains need not be found in all localities since the extreme 
rareness with which this plant has a chance to cross-breed and the 
rapidity with which it reproduces by budding, both tend, with the help 
of natural selection, to reduce the inhabitants of a locality to that of a 
clonal line. None of the clonal lines studied* showed a bimodal condition. 

Following the determination of the frequency distribution shown in 
table 2 it would have ^en only logical to ascertain whether the size modes 
persist, that is, whether or not the size races found are permanent. An 
attempt was made to do this. It was planned to isolate several lines 
representing widely different sizes and then to determine at different 
intervals of time the average of each line. This attempt, however, was 
unsuccessful. It was found that L. minor cannot be grown successfully 
in tap water for several months in spite of frequent change of this 
medium. After a month or so, the fronds usually begin to decrease in 
size and by the time when enough individuals are needed to give a fair 
sample, the lines usually have run out. As will be learned later in this 
paper, continuous culture was maintained by the use of a mineral nutrient 
solution. It was deemed unwise, however, to use this culture in such 
an experiment as the determination of the persistence of size differences, 
since, as will soon be seen, mineral solution had a decided effect in in- 
creasing the size of the fronds and no form of culture check could be 
devised with which this effect could be controlled. 


Table 2 

Distribution of variation in the size of 200 fronds from a wild population of 

Lemna minor. 



Class values in square millimeters 
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VARIATION AND SELECTION IN CLONAL LINES 


Variation and selection in shape of frond 


It has been seen already, in the discussion of the permanence of shape 
strains, that different clones with distinctly different-shaped fronds tend 
to reproduce their respective characteristic shapes. A certain amount of 
variation in shape within the clones was also pointed out. Further 
studies along this line were carried out. The plants, as previously, were 
grown in tumblers, but in mineral nutrient solution instead of tap water. 
The use of this solution made the continuous change of culture media 
unnecessary. The nutrient solution was prepared according to the fol- 
lowing modified formula of Pfeefer : 

Constituents Grams per liter 


Ca(N03)2 0.4 

NaCl o.i 

MgS 04 o.i 

KH2PO4 O.I 

Fe 3 (P 04)2 O.I 

KNO3 O.I 


To study the variation in shape, one hundred mature fronds grown 






Figure 5. — ^Variation in frond shape in clone 35. X 16 diameters. 
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from buds of the same age were drawn for each clone. The resulting 
drawings were classified according to shapes. Figure 5 will give some 
idea of the dominant shape and the shapes of the varying individuals 
in clone 35. This dominant shape is represented by the letter p, while 
the varying shapes are represented by letters a, b, etc. 

The frequency of the different shape types in four clones studied is 
given in table 3. 

Table 3 

Frequency of shape variants. 


Clone 

Shape types 

Total 

number of 
individuals 

35 

p a b c d e f 


51 3 22 17 I 2 4 

100 

38 

Shape types 

P g h i j k 1 


47 21 13 II 5 2 I 

100 

VO 

Shape types 
p m n 0 q r 


48 7 10 15 18 2 

100 

81 

Shape types 

p s t U V w I 


« 

M 

i 

‘ i 

100 


From table 3 it may be seen that in clonal lines there exist different 
shapes of fronds, with some one type predominating. 

Before taking up the subject of inheritance in shape in clonal lines, 
it is well to discuss the results of the study of several of the factors 
affecting variation. 

Effect of cidture media 

Before this part of the experiment was undertaken, it had been ob- 
served that fronds growing in tap water had a decidedly different ap- 
pearance from those growing in nutrient solution. This was partly due 
to a difference in size; those growing in nutrient medium were very 
much larger than those in tap water. Suspecting that there may be also 
a difference in general shape in the two cultures, it was decided to carry 
out experiments along this line. Clones 38, 39, 41 and 79 were used. 
Parallel cultures were set up for each clone. Initial buds of those grown 
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in tap water came from stock growing in tumblers containing water and 
garden soil, while buds of those grown in nutrient solution came from 
stocks already growing in nutrient medium. The four series were not 
grown at the same time as were the paired cultures from each clone. 
From each culture one hundred mature fronds were harvested, drawn, 
and classified according to shape. Table 4 gives the frequency of the 
different types observed. 


Table 4 

Frequency of shape types of plants grown in tap water and in nutrient solution. 


Clone 38 1 

Clone 39 1 


Clone 

41 


Clone 

79 

Types 

1 Tap 
water 

Nutrient 

solution 

Types 

Tap 

water 

Nutrient 

solution 

Types 

1 Tap 
water 

Nutrient 

solution 

Types 1 

1 Tap 
water 

Nutrient 

solution 

a 

18 

28 

i 

24 

36 

0 

0 

8 

1 u 

27 

41 

b 

20 

3 

j 

16 

18 

P 

49 

12 i 

V 

IS 

17 

c 

7 

12 

k 

0 

17 

q 

28 

54 

w 

10 

10 

d j 

2 

I 

1 1 

12 

4 

r 

16 

II 

X 

0 

I 

c 

33 

7 

m 1 

8 

13 

s 

7 i 

9 

y 

48 

20 

f 

0 

I 

n 

40 

12 

t 

0 

6 

z 

0 

II 

S 

0 

3 










h 

20 

45 










Total 

num- 

ber 

100 

100 


100 

100 


1 

100 

100 


100 

100 


Table 4 shows two important points: (i) in every case there was 
found greater variation in nutrient-grown plants than in those grown in 
tap water, and (2) the predominant shape in each clone is different for 
the two culture media. In clone 38, for example, shape e was predomi- 
nant among the tap-water-grown plants while among those grown in 
nutrient solution shape h was the predominating type. 

Initeritance of shape within a clone 

It has already been pointed out (see table 3) that a study of one hun- 
dred mature fronds of clone 81 revealed six shape types, s to w, with 
type p predominating. To determine to what extent these different shape 
types are hereditary, a family was bred from each type in nutrient solu- 
tion and one hundred mature fronds from each were drawn and studied 
as to variation in shape. Table 5 contains the results of this study. 

We see from table 5 that the parental type seems to have had no effect 
on the type distribution (excepting the type representing the clone. An 
interesting fact brought out by the above data is that while the diverse 
shapes which do not represent that of the clone were not hereditary, they 
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appeared in approximately the same relative proportion to one another 
irrespective of their parental shapes. 

In order that this point may be seen more cleairly, the data in table 5 
were made into curves shown in figure 6. 

Another attempt to change the dominant shape type of clone 81 was 
made by continuous selection of shapes u and w. The experiment was 
carried through three periods, each period comprising many generations. 
There were three cultures during each period, one for u selection, one 
for w and another for p. The latter served as control. One hundred 
mature fronds were examined from each harvest. Table 6 contains 
the results. 

Table 6 

Results of continuous selection for types u and w in clone 81. 






















%tpuvw9hi Ic 

Figure 6. — ^Frequency curves of different shape types in different families of clone 8i. 

It would appear from the results shown in tables 5 and 6 that the 
different non-dominant shape types in clone 81 kre merely somatic vari- 
ations, probably physiological, and are not inheritable, and that selection 
for these different shapes has made no progress. As early as 1894, 
Guppy (1894) reported that long exposure to different habits of life, 
as growing in mud, had not produced any permanent change in the ex- 
ternal appearance of dudcweeds. 
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Unusual non-heritable variations in frond shape 

During the entire period of investigation, a watch was continually 
kept for mutations. Three fronds of unusual shapes appeared in nutri- 
ent cultures, two in clone 41 and one in clone 42. When th^ were 
found, they were still attached to their parent fronds. Each of these un- 
usual-shaped fronds together with each parent was placed in a separate 
culture tumbler and allowed to propagate to determine if they were mu- 
tations. When matured individuals in each tumbler numbered fifty or 
more, the cultures were discontinued and the mature fronds examined. 
It was found that none of these aberrant shapes was hereditary. 

Selection in opposite directions was made in each of the four clones 
mentioned above. Each selection was carried through five periods. Plus 
selection was made by continuous selection of individuals falling in 
classes 9 and 10, and minus selection, of those in classes 5 and 4. A 
check culture of unselected individuals was also grown. The three cul- 
tures in each clone — plus, minus and check, — were always grown at the 
same time. The plants were grown in the nutrient medium and good 
care was taken to render cultural and other controllable conditions as 
much alike as possible for each series. Tables 8-1 1, inclusive, show the 
results of this selection, and table 12 contains the differences between 
the means of the check cultures and those of the plus and minus se- 
lections. If the selection be effective, there should be an increasing 
difference between the means of the check and selection series from the 
first to the last period of the experiment. 

Clonal variation and selection in speed of propagation 

In this study, clones 38, 39, 78 and 81 were used. The unit of time 
taken was 1 1 days. Sixty individuals were studied in each culture. Ini- 
tial studies of variation in speed of propagation of these different lines 
gave results which are shown in table 7. A “class value” in this case 
represents the total number of individuals obtained by allowing an origi- 
nal bud and its offspring to propagate during 1 1 days. 


Table 7 

Clonal variation in speed of propagation. 
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From table 7 it is to be seen that clones 38 and 81 seem to have the 
same speed of budding. The other two clones, however, appear to 
possess distinctly different means, whose difference is .6831^.172, so 
that it may be considered as highly probable that in a population of 
Lemna minor, there exist also dififerent strains in regard to speed of 
asepcual propagation. 

Table 8 


Selection in speed of propagation in clone 38. 



Frequency of 


1 

1 

Selection j 

class values | 

Mean 

a 1 C.V. 

1 1 

1 

3| 4| S| 6| 7| 8| 9|io|nj 

! 

1 1 


First period 


Plus (+) 


2 

7 

15 

26 

8 

2 



6.6i7zt:.093 

i.o66±:.o66 

i 6 .ii±i.o 2 

Check 


I 

7 

14 

27 

9 

2 



6.700 i:.o82 

1.021^.063 

i5.24±o.96 

Minus ( — ) 


I 

10 

12 

25 

10 

2 



6.650±:.09S 

i.093:i:.o67 

i6.44±i.04 


Second period 


Plus (+) 1 



1 

15 


1 

1 3 


r 

6 . 683 ±.o 86 I 

0.991 ±.061 

18.83^0.93 

Check 



7\ 

15 

27 1 

1 8| 

3 



6.75o±.o87 

0.994— -061 

14.72 ±0.92 

Minus ( — ) 


3 

8| 

17 

23! 

1^ 

Li 



6 . 5 oo±.ioo 

1.147^.071 

17.65^:1.12 


Third period 


Plus (+) 


3 

8 

13 

26 

8 

2 

1 


6.567^.098 

i.i3i±.070 

I7.22±1.09 

Check 


I 

II 

15 

26 

5 

2 



6.483:^.091 

1.041 ±1.064 

i6.o6±:i.oi 

Minus ( — ) 


3 

6 

14 

25 

10 

2 



6.650^.0^ 

1.123:^.069 

i6.89±i.07 


Fourth period 


Plus (+) 


3 

4 

■n 

10 

25 

“1 

12 

6 



6.950±.io6 

i. 2 I 7±.075 

I 7 . 52 ±i.ii 

Check 


3 

8 

10 

25 

II 

2 

I 


6 . 7 I 7 ±:.io 8 

i.240±.076 

i 8 . 46 ±:i.I 7 

Minus ( — ) 


2 

4 

II 

24 

II 

5 

3 


7 .o 83 ±.ii 4 

i. 3 o 8 ±:.o 8 i 

i 8 . 47 ±:i.I 7 


Fifth period 


Plus (+) 


2 

8 

12 

26 

9 

2 

I 


6 . 700 ±:.I 02 

i.i 73±.072 

I 7 . 5 i±i.ii 

Check 


I 

10 

14 

2S 

7 

3 



6.6oo±.096 

i.o98±.o68 

i6.64±i.05 

Minus ( — ) 


3 

9 

13 

2 ^ 

9 

2 




6.sso±.ioi 

i.i6i±.07I 

I 7 . 72 ±I.I 2 
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Table 9 

Results of continuous selection in speed of propagation in clone Jp. 



Frequency of 

1 


Selection 

class values 

Mean | cr 

1 1 

C. V. 

i 

1 3 | 4 | 5 | 6| 7 | 8| 9|io|iiii2 

1 1 



First period 


Plus (+) 


3 

3 

7 

30 

8 

6 

3 



7.ii7±.iiS 

i.3i8±.o8i 

l8.52dtl.l8 

Check 


2 

4 

4 

30 

8 

8 

3 

I 


7.317=^.121 

i. 384 ±.o 8 s 

18.91*1,20 

Minus ( — ) 


2 

6 

6 

29 

10 

4 

2 

I 


7.o67±:.ii7 

l. 340 rt.o 83 

18.96*1.21 


Second period 


Plus (+) 

I 

4 

6 

28 

II 

9 

I 






18.85*1.20 

Check 

2 

2 

5 

29 

9 

7 

5 

I 



6.45 o*.I 22 


21.64*1.39 

Minus ( — ) 

3 

3 

4 

27 

12 

10 

I 




6.2^*.II2 

1.289*. 079 

20.57 *i -32 


Third period 



1 

3 


8 

261 10 

6 4 

I 

1 

7.283*.I25 

i. 439 ±.o 89 

19.76*1.26 


B 

2 

3 

9 

2S( 9 

6 5 

i 

B 

7 .i 83±.I29 

i. 478±.09 i 

20.58*1.32 


■ 

1 3 

Li 

1 7 

|261 8 

1 7| 4 

1 ^ 

■ 

1 7-233±.i3i 

i. 499±092 

20.72*1.33 


Fourthr period 


Plus (+) 


I 

2 

8 

28! 

9| 

6 

5 

I 


7.417±.ii7 

i.34S±.o83 

18.13*1.15 

Check 

2 

0 

3 

6 


10] 

7 

3 



7.217*.! 19 

i.367±.084 

18.94*1.21 

Minus ( — ) 

I 

4 

4 

5 

31 1 

7 

5 

2 

I 


6.967*.I3 o 

I494±092 

21.44*1.38 


Fifth period 


Plus (+) 



1 i) 8|2 i|i4| 6 

1 7 

3 


I 7 . 8 i 7 =fc.i 24 

i.420*.o87 

18.16*1.15 

Check 

I 

0 

1 3 ( 3|25iio( 4 

1 7 

5 

2 

1 7 . 933 ±.rs 8 

i.8i5*,ii2 

22.87*1.48 

Minus ( — ) 


2 

1 3 j 4 i 2 siioi 8 

Li 

3 


1 7.6i7±.i36 

1.561 *.096 

20.49*1.31 
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Table 10 


Results of continuous selection in speed of propagation in clone 78, 


Selection 

1 Frequency of 

class values 

Mean 

1 ^ 

C.V. 


3| 4| 5| 6| 7| 8j 9 |io|ii 





First period 


Plus (+) ' 


I 

7 

21 

22 

7 

2 



6.55o±.o88 


1S.37iO.97 

Check 


I 

10 

21 

25 1 

3 

0 



6.3I7±.075 


13.71^0.86 

Minus ( — ) 


2 

10 

16 

27 

3 

2 



6.4I7±:.09 o 


i6.i7±i.q2 


Second period 


Plus (+) 


1 

7 

— 

II 


II 

4 

I 



I.I79±:.073 

I7.09 ±i.o 8 

Check 

1 

3 

5 

6 

29 

9 

5 

2 


6.933±.I2I 1 

1.389^.086 

20.03±:i.28 

Minus ( — ) 


2 

6 

10 

30 1 

7 

4 

I 

1 


I.I7I±.072 

i7.i3±i.o8 


Third period 


Plus (+) 



5 

17 

31 

5 

2 





i2.86±o.8o 

Check 

I 

2 

6 

14 

27 

8 

2 





i7.32±:i.io 

Minus ( — ) 


5 

7 

13 

24 

8 

3 





i 9 .o 6 ±:i. 2I 


Fourth period 


Plus (+) 


”1 

I 

5 

10 

29 

M 

3 

I 




1s.64io.99 

Check 


I 

3 

7 

31 


4 

2 


7.i67±.io2 

I.i7ii:.072 

i 6.33 ±i .03 

Minus ( — ) 1 



E 

10 

27 


4 

I 


I 6.983^.101 

1.162:^.072 

16.64:^1.05 


Fifth period 


Plus (+) 


2 

5 

9 

26 

13 

3 

2 


7.ooo±.io7 

i.225±.075 


Check 

I 

I 

5 

8 

28 

12 

4 

I 


6.967±.io7 

i. 224±.075 


Minus ( — ) j 


I 

8 

8 

30 

10 

2 

I 


6.833±.097 

i.ii3±.o69 

i 6.29 ±i .03 
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Table ii 


Results of continuous selection in speed of propagation in clone 8i, 


j 

Selection 

Frequency of 
class values 

Mean 

O' 

1 

C.V. 


3 4| 5| 6| 7 | 8 9 lojn 





First period 


Plus (+) 

5 

[7 

10 

’13 

22 

2 

1 

1 

I 

! 

■ 

5.833^.123 

i.4i6±.o87 

24 . 27 ±i .58 

Check 

6 

8 

10 

13 

20 

2 

I 



S. 7 I 7 ±.I 27 

i.462±.090 

25.57*1.67 

Minus ( — ) 

8 

lo] 

12 

23 

5 

2 




5.2i7i:.ii3 

i.292±.o8o 

24.76^:1.61 


Second period 


Plus (+) 

2 

3 

s 

12 

30 

n 

41 

3 

I 


6.567±.ii5 

1. 321 ±.081 

20.I2±I.29 

Check 


I 

5 

6 

33 

8 

3 

3 

I 

7.i33*.iii 

i.27i±.o78 

i7.82±i.i3 

Minus ( — ) 

I 

3 

4 

7 

34 

6 

3 

2 


6.833±.ii3 

i.293±.o8o 

i 8 . 92 ±I .20 


Third period 


Plus (+) ( 

n 

2I 

71 

10I25I131 5' 

J 

1 

7.283±.iio 

i.266±.078 

i7.38±i.io 

Check 


I 

2 

ii|28jio| 6 

I 

I 

7 .i 83 ±.io 4 

i.i 90±.073 

i 6 . 57 ±i.os 

Minus ( — ) 


I 

4 

7131! 9I 5 

2 

I 

7.i83±.io8 

i. 245±.077 

17.33*1.10 


Fourth period 


Plus (+) 
Check 

Minus ) 


I 

I 

I 

4 

5 
2 

17 

20 

12 

26 

24 

28 

6 

5 

10 

5 

4 

5 

I 

1 

2 


6.8so±.098 

6 . 7 I 7±.097 

7 ,iiy±.og 8 

i.I 23 ±.o 69 

i.ii2±.o68 

i.i 27 ±,o 6 g 

i6.39±i.03 

i6.ss±i.05 

iS.83±ijoo 







Fifth period 



Plus (+) 


I 

4 

■^6 

32 

“9 

5 

2 

I 

7.200±.io8 

i.236±.q76 

i7.i6±i.09 

Check 


I 

3 

lO 

29 

8 

6 

2 

I 

7,i83±.iio 

i. 258±.077 

I 7 . 5 i±i.n 

Minus ( — ) 


I 

5 

5 

30 

8 

7 

3 

I 

7 . 283 ±.ii 7 

i. 343 ±.o 83 

i8.44±i.i7 
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Table 12 

Differences between the means of the check and those of the selections. 


Period 

Difference between means 
of check and plus 
selections 

Difference between means 
of check and minus 
selections 

Clone 38 

First 

—0.083 ~ *124 
—0.067 ±. .122 

0.084 It .134 

0.233 ±: .151 

0.100 ± .140 

0.050 ± .125 

0.250 ±: .133 
—0.167 :± .134 
—0.366 ± .157 

0.050 ± .139 

Second 

Third 

Fourth 

Fifth 


Clone 39 

First 

— 0.200 ±i .167 
—0.200 =t .160 

0.100 ±: .179 

0.200 ±: .167 
—0.116 ±: .201 

0.250 ± .168 

0.183 it .166 
—0.050 ± .184 

0.250 ± .176 

0.316 It .209 

Second 

Third 

Fourth 

Fifth 



Clone 78 



0.233 It .115 

— 0.100 ± .117 


—0.033 ± .159 

0.100 ± .158 

MiTO— — — iWilWl— 

0.100 ± .125 

0.067 ± .147 

Fourth 

— 0.217 ± .139 

0.184 — -144 

Fifth 

0.033 — 151 

0.134 ± .144 

Clone 81 

First I 

0.116 It .177 

0.500 ± .170 

Second 1 

—0.566 ± .160 

0.300 ± .158 

Third 

1 0.100 ± .151 

0.000 ± .150 

Fourth 

0.133 ± .138 1 

—0.400 It .138 

Fifth 

0.017 .154 

— 0.100 It .161 


From the data in table 12 it may be concluded that there was no 
progress obtained in either the plus or minus selection for speed of 
budding. 

Clonal variation in size of frond 

As a preliminary selection study the variation in size of fronds in 
four clones was studied. Selection was later performed in these same 
four lines. The plants were grown in nutrient solution contained in 
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tumblers. One hundred mature fronds were measured from each clone. 
The results of this study are shown in table 13. From table 13 it is seen 
that clones 38 and 76 have about the same range of variation. They 
also aiJproach each other in mean size, which is 6.555^.098 mm* in 
clone 38 and 6.735^.112 mm* in clone 76. The standard deviations 
are i.46o±:.070 and 1.665 ±.079 respectively. Clone 79 has the 

widest range of variation and the least mean size, 6.220^1.099 mm*. Its 
standard deviation is 1.472 ±.070 mm*. Clone 81 has the largest mean 
size, 7.075 ±0.090 mm*, and the least standard deviation, i.334±.o64 
mm*. Clones 79 and 81 show a significant difference. The difference 
in the mean is .855 ±.134. 

Table 14 

Variation in size of fronds grown in nutrient solution and in tap water. 


Frequency of class values in square millimeters (mm®) 


Clone 

Period 

Culture 

media 

i 

'^ 1 '^ 

lol 

N 1 

ri 

c 4 

ro 

! 1 

10 ! uo * *0 
< 1 ^ j • 10 

I fo ; Tf 

XTi 

\n 

\i: 

I xn 1 

i 

c? 

! IS. 

i 

to 

tN. 

'vd 

12 

j i 

to to 
^ lls. 

! Is. Is 

vd Is. 

I 

i 

to ! 

1 

00 1 

to 

M 

1 

06 i 

to , w 

*> d 

0 \ \ ^ \ 

'i\t\ 

& & , 

K 

d 

to 

N 

d 

►H 


First 

Nutrient 

Tap water 

4 

13 

10 

I 

10 

I 

24 

4 

14 

2 

18 

6 

6 

14 

I 

12 

15 

7 

6 

4 

3 

2 

X 

38 

— 

Nutrient 





2 

7 

6 

E 


20 

II 

II 

7 

I 






oecona 

Tap water 


I 

5 

12 

22 

25 

24 

1 













Third 

Nutrient 





6 

I 

II 

14 

| 2 i 

14 

8 

10 

6 

4 

4 

I 






Tap water 

A 


14 1 

A 

20 | 

23 1 



LlJ 

i| 

J 

J 




1 






Nutrient 



1 


] 


2! 

3! 

12 

14 

20 

II 

9 

12! 

8 

4 

3 

0 

2 


First 

Tap water 

\ 

5 

14 

8 

I 7 | 

18 

14 

8 

II 

2 

I 









41 

Second 

Nutrient 




2 

I 

4 

14 

16 

19 

13 

II 

9 

4 

7 



! 





Tap water 

3 

7 

8 j 

2 o| 

I 9 | 

23 

13 

4 

2 

I 











Third 

Nutrient 



I 

A 


1 ^ 

6 | 

3 

I 4 | 

22 

16 

9 

II 

5 


I 

I 






Tap water 

I 

4 

_9 

m 


15 

13 

5 

10 

3 

6 

I 

0 

I 

J 







Nutrient 




■ 



E 

E 

m 


13 

II 


13 

9 


I 

2 

I 


First 

Tap water 

I 

3 

_3 

E 



m 

S 

E 


I 











Nutrient 





3 

7 i 

12 

10 

|i 6 

1 

II 

6 

6 

5 

5 

3 

3 

2 


79 

oecona 

Tap water 


_7_ 


15 

8 

13 

19 

6 

6 

1 ^ 

2 




1 






Third I 

Nutrient 



^1 

I 

3 

3 

7 

7 

|l 2 

|I 3 

1 



1 

8 

II 

1 s 

~ 3 i 

0 

|~2 

X 



Tap water 

2 

_9 

m 


27 

19 

7 

I 

1 

1 

I 


1 

i 









Nutrient 




E 

1 2 

1 5 

i S 

1 ^ 

|io 

[14 

| 20 , 

1*5 

1 8 

4 

2 

4 


1 ® 

I 



Tap water 

6 



m 

m 

23 

4 

3 

2 

I 







1 I 


! 



Nutrient 






2 

4 

4 

6 

12 

16 

19 

ill 

i “8 

3 

6 

\~6 

2 

I 

81 

second 

Tap water 

X 

[s 

15 

13 

20 

19 

13 

9 

4 

I 

[ 


L 




L 





Nutrient 




2 

E 

2 

8 

m 


m 

6 

11 

10 

8 

"8 

2 

4 

I 

X 


1 niru 

Tap water 

4 

9 

I'S 

17 

i 

fl 

8 

E 


E 



i 
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Effect of culture media on clonal size variation 
In the study of inheritance of acquired size in Lemna minor, which is 
reported later on in this paper, parallel cultures were gfrown from each 
clone in nutrient solution and in tap water. The materials obtained from 
this experiment may also be examined for the effect of different culture 
media on variation in size. From each of the four clones used, 38, 41, 
79 and 81, three series were grown in different periods of time. One 
hundred mature fronds were measured from each culture. The results 
of these measurements are given in tables 14 and 1 5, the former gives 
the frequency distributions of the different classes found, and the latter, 
the different constants calculated. 


Table 15 

Constants from table 14. 


Clone 

Period 

Culture 

medium 

Mean 

C.V. 

(T 

^nut *^taD 


First 

Nutrient 

Tap water 

7.210 ± .102 
4.070 ± .066 

20.87 ± 1.04 
24.10 ± 1.21 

i.SOS ± .072 
0.981 ± .047 

0.524 ± .086 

38 

Second 

Nutrient 

Tap water 

6.28s — -067 
4.42s ± .049 

1S.88 ± 0.77 
16.43 ± 0.80 

0.998 ± .047 
0.727 ± .03s 

0.271 ± .058 

> 

Third 

Nutrient 

Tap water 

6.36s ± .08s 
3.98s ± .060 

19.81 ± 0.98 
22.43 ± 1. 12 

1.261 ± .060 
0.894 ± -043 

0.367 ± .074 


First 

Nutrient 

Tap water 

7.48s ± .086 
4.430 ± .073 

17.01 ± 0.83 
24.27 ± 0.93 

1.273 ~ *061 

1.075 ^ -051 

0.198 ± .079 

41 


Nutrient 

Tap water 

6.220 ± .078 
4.030 ± .061 

lass ± 0.91 

22.SS ± 1.13 

1.1S4 ± -034 
0.909 ± 043 

0.245 ± .069 


Third 

Nutrient 

Tap water 

6.98s ± .088 
4-S7S ± -087 

18.74 — 092 
28.13 ± 1.44 

1.309 ±.062 
1.287 ^ *061 

0.022 ± .087 


First 

Nutrient 

Tap water 

7.14s ± -103 

4.710 ± .068 

21.S3 ± 1.07 
21.34 ± 1.06 

1.S38 ± .073 
ixws ± .048 

O.S33 — -087 

79 

Second 

Nutrient 

Tap water 

6.63s ± .108 
3.980 ± .085 

24.08 ± I.2I 
31.81 ± 1.66 

1.S96 ± .076 
1.2^ ± .060 

0.332 ± .097 


Third 

Nutrient 

Tap water 

6.925 ± .106 
3.82s ± .OSS 

22.71 ± 1. 14 
2144 ± 1.07 

1-573 ±.075 
oB20 ± .039 

0.753 ± -084 


First 

Nutrient 

Tap water 

6.81s — -093 
3 - 7 SS ± 064 

20.32 ± I.OI 
25.22 ± 1.28 

1.38s ± .066 
0.947 ± .045 

0.438 ± .080 

81 

Second 

Nutrient 

Tap water 

7.020 ± .095 
4.160 ± .064 

20.03 0.99 

22.98 ± 1. 15 

1.406 ± .067 
0.956 ± .046 

0.450 ± .081 


Third 

Nutrient 

Tap water 

6.940 ± .114 
3.930 ± .069 

24.38 =!: 1.23 
25.90 ± 1.31 

1.692 ± .081 

I.OI8 ± .049 

0.674 ± .095 
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The outstanding result shown by table 15 is that, using standard 
deviation as the expression of variation, the plants grown in nutrient 
solution were always more variable in size than those grown in tap water. 
The differences between the standard deviations of parallel cultures are 
significant and are, with two exceptions, all well beyond the limits of 
probable error. 

Inheritance of acquired si::e 

The fact has already been pointed out that plants growing under 
natural conditions have demonstrated their capacity to react readily with 
favorable medium for growth, not only by a change in shape of the 
fronds but also by a considerable increase in size, amounting in some 
cases to more than 100 percent. Likewise it was observed that fronds 
previously grown in nutrient solution produced offspring which are very 
much smaller than themselves. 

Inheritance of decreased si::c 

An experiment to determine the inheritance of decreased size was 
made with clones 38 and 41 as follows: From a stock culture of each 
clone, the same number of buds of the same age were transferred to 
both tap water and nutrient media and there allowed to propagate until 
a sufficient harvest of mature fronds could be obtained at any one time. 
This constitutes the first period of the experiment. In the second period, 
cultures in both tap water and nutrient solutions were grown from buds 
from the tap water culture of the first period. At the same time a check 
culture in nutrient medium was grown. In the third period, tap water 
and nutrient cultures were similarly grown from the tap water stock of 
the preceding p)eriod and again a check culture was set. There are sev- 
eral months of interval between each two periods to give the plants time 
to be ^‘acclimatized” in each new medium for growth. From each of 

Table 16 

Mean size in sqimre millimeters of fro^ids from nutrient solution, grown in tap water, 
and of their offspring when grown again in nutrient solution. 


Clone 

Parent mean 
in nutrient ! 
solution 

Offspring 

mean 

in tap water 

Mean when 
back in nu- 
trient solution 

Check in 
nutrient 
solution 

38 

6.555 ± .098 

4.070 ± .066 
4.425 ± .049 

6.315 ± .066 
6.365 ± .085 

6.775 ± .091 
6450 ± .092 

41 


4.430 ± .073 
4.030 ± .061 

6.220 :± .078 
6.805 ~ *090 

6.615 It .062 
6.965 .088 


Gkmktics 4; Mr 1919 











174 


NEMESIO BLANCO MENDIOLA 


these cultures one hundred fronds were measured. Table i6 contains a 
summary of the results of this experiment. 

From table i6 it may be concluded that decreased size acquired by 
nutrient fronds in their sojourn in tap water is not inherited. 

Inheritance of increased size 

The plan of this experiment is inversely similar to that of the inheri- 
tance of decreased size. 

This experiment was carried through only two periods. As usual, 
one hundred mature fronds were studied from each culture. The results 
of the measurements are shown in table 17. 

Table 17 

Mean sizes in square millimeters of tap-water fronds grown in nutrient solution and 
of their offspring when grown in tap water. 


Clone 1 

Parent mean 

Offspring 

Mean when 

Check 


in 

mean in nu- 

back in 

in 

i 

tap water 

trient solution 

tap water 

tap water 

79 

4.750 ± .068 

7.40s ± .104 

3.980 ± .085 

3.825 ± .05s 

81 

3.990 ± .066 

6.81S ± .093 

4,160 ± .064 

3.930 ± .069 


From table 17 it is seen that while starved plants grown in nutrient 
media increase in size by nearly 100 percent, when grown again in tap 
water reversion to the starved mean may be complete, showing no in- 
heritance of the acquired increased size. 

Cloned selection for size of frond 

In table 13 the variations in size of clones 38, 76, 79 and 81 have al- 
ready been shown. Selections for both large and small size were carried 
out with these four clones as an attempt to shift the means of the lines. 
Each selection was carried through five periods. Plus selection, or se- 
lection for large size, was made by continuously selecting individuals 
above the mean, and minus selection, or selection for small size, was per- 
formed by continuous selection of individuals below the mean. A check 
culture containing unselected individuals was also grPwn at the same 
time with the plus and minus series. The plants were grown in nutri- 
ent solution and extreme care was taken to render all controllable condi- 
tions as much alike as possible for each set of three cultures. Tables 18 
to 21 contain the results of this experiment. The differences between 
the means of the chedc cultures and those of the plus and minus selec- 
tions are placed in table 22 so that the effect of selection may be studied 
more conveniently. 
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Table 22 


Differences in square millimeters between the means of the checks 
and those of the selections. 



1 Difference between means 

Difference between means 

Period | 

of check and plus 

of check and minus 

1 

1 selection 

selection 


Clone 38 


First 

0.030 it .117 

—0.075 ± .119 

Second 

—0.290 ± .137 

0.240 It .134 

Third 

0.215 ±. .100 

0.030 It .100 

Fourth 

0.060 ± .113 

0.210 ±: .107 

Fifth 

0.325 ± .130 

0.03s ± -154 


Clone 76 


First 

0.095 It .131 

0.370 ±: .139 

Second 

0.415 ± .144 

0.140 It .139 

Third 

0.380 it .121 

—0.085 ± .117 

Fourth 

— 0.030 it .138 

0.280 ± .143 

Fifth 

0.055 .135 

0.035 ^ .128 


Clone 79 


First 

— 0.060 ±: .130 

0.170 it .131 

Second 

— o.oio It .130 

0.165 ± .124 

Third 

0.43s ± .143 

— 0.080 it .138 

Fourth 

0.290 It .157 

0.090 it .151 

Fifth 

0.635 ±: .166 

0.175 ± .153 


Clone 81 


First 

0.405 ± .136 

— 0.170 It .127 

Second 

0.050 it .124 

0.170 it .123 

Third 

0.225 ±. .123 

—0.265 It .115 

Fourth 

0.005 It .156 

0.090 it .147 

Fifth 

0065 It .137 

0.630 It .130 


If the data in table 22 are examined, and if a significant difference be- 
tween a selection mean and the mean of a corresponding check is as- 
sumed to be at least three times the probable error, it will be found in 
clone 38 that while the plus means were generally greater and the minus 
means generally smaller than the means of the checks, no single signifi- 
cant difference was obtained. In clone 76 there seems to be only one 
important difference, that for the plus selection in the third period. It 
is hard to account for this seeming effect of selection since in the last two 
periods of the selection, the difference was not maintained. Moreover, 
it will be observed that in the same (third) period, the minus series had 
a greater mean than the check, indicating that some factor, probably 
cultural, had affected the growth of the plants in the check culture, thus 
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rendering the opposite differences both unusual. In clone 79 there was 
entirely no effect of selection in the minus series. In the plus experi- 
ments, significant differences were obtained in the third and fifth periods, 
which may be considered as showing that selection was slightly effective. 
In clone 81 selection was of no avail. The single important difference 
obtained in the last period of the minus selection was probably due to 
the fact that some sort of fungous disease attacked the plants of the 
minus culture and the effect of the disease on size was not entirely over- 
come in sampling. 

On the whole, it may be concluded that the results of this experi- 
ment, to shift the mean size of a clone, showed a very doubtful effect 
of selection without excluding the possibility that such an effect may be 
possible. 


DISCUSSION AND CONCLUSIONS 

Lemna minor is a convenient material for clonal study. It can be 
grown in artificial media in the laboratory, propagates fairly rapidly and, 
owing to its small size, it lends itself readily to extensive but well con- 
trolled observation and measurements without requiring much laboratory 
space. In many respects, it is comparable to Paramecium. One ad- 
vantage it has over the latter is that one can always lie sure with it that 
he is harvesting or sampling for measurement fully matured individuals 
which have therefore attained their mature size. In Paramecium, there 
is no way of determining that all the individuals being studied are ab- 
solutely fully grown. This fact subjects Paramecium measurement to 
a gjave error, for in comparing the mean size of a group with that of 
another, the mean size is influenced by the number of immature animals, 
and it may readily be seen that if one of the groups propagates faster 
than the other, the former will have at any one time more young indi- 
viduals than the latter. 

While this plant can be grown in tap water alone and in tap water 
containing soil, the most satisfactory culture medium found, which can 
be controlled, is a modified Pfeffer’s solution. The gradual dwindling 
of the plants when grown in tap water, especially when no frequent 
change of this is made, may be due to real lack of mineral food or to the 
absence of some organic growth-promoting substance which is now 
called an auximone. Bottomley (1917) in a recent paper found the 
presence of this substance essential to the normal and long-time growth 
of Lemna minor in Detmer’s standard mineral solution. By placing 
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water extract of bacterized peat in such a solution, he was able to get 
continuous, luxuriant growth. Contrary to Bottomley’s conclusion that 
Lemna minor cannot maintain normal growth in a mineral solution 
without auximones, it has been grown in this experiment in a mineral 
solution without the addition of any other substance. Bottomley’s con- 
clusion is unfair since he did not show that he used the other known 
standard mineral solutions, any one of which, as the present experiment 
has proved, may suit the normal growth of the plant. 

The characters used as variants in this work are size and shape of 
frond, and the speed of budding. The length of root is a very unsatis- 
factory if not a useless character for this purpose on account of its 
characteristic and probably hereditary twisting habit. 

While different strains in shape and size of frond and speed of pro- 
pagation have been found to exist in a population, the number of these 
strains is not as large as might at .first be imagined. The area of the 
natural habitat from which the material is collected is undoubtedly an 
important factor in the obtaining of a larger number of elementary 
strains, if such larger number exists. The smaller this area is, the more 
chance there is of finding the ix)pulation in a high state of freedom from 
mechanical mixture since, owing to the rapid propagation of the plant, 
and under the influence of natural selection, a clone may be easily estab- 
lished at any one favorable spot. 

Results of clonal selection to shift the mean in speed of propagation 
or to change the dominant shape of a clone have confirmed the pure line 
theory. The results of size selection, on the other hand, have not been 
in entire accord with Johannsen’s idea. 

Unusual variations in shai>e have been observed, but they were not in- 
herited, showing that they were merely somatic or physiological varia- 
tions. 

Lemna minor has been found to respond readily to different culture 
media. By growing it in an artificial or mineral solution, its natural size 
has been increased more than lOO percent and the predominating shape 
of a clone changed, as well as the speed of asexual reproduction hasten- 
ed. Under such favorable conditions for growth, there was found greater 
variability in shape and size than under less favorable conditions. More- 
over, acquired size, as a result of a change in growing medium, appeared 
to be non-heritable. 
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SUMMARY 

1. There have been found different races in a population of Lemna 
minor as regards size and shape of frond and speed of propagation. 

2. No single case of mutation has been observed in this experiment 
which covers a period of one and one-half years and which involved 
several thousands of individuals. 

3. In a clone, there was found greater variability among plants grown 
in a mineral solution than among those grown in tap water. 

4. Decreased or increased size acquired by plants through a change 
of cultural environment during less than a year’s time was not inherited. 

5. The results obtained in clonal selection either in shape of frond or 
in speed of propagation are in accord with the pure line theory. Selec- 
tion to shift the mean size has shown slight effect in one out of ten cases. 

The writer is deeply indebted to Professor C. H. Myers not only for 
suggesting the subject of this investigation but also for liberal help in 
securing some of the apparatus and material used, as well as for valu- 
able suggestions and criticisms throughout the experiment and the prep- 
aration for this paper. Thanks are also due to Professor H. H. Love 
for aid in some of the biometrical work and to Professor O. F. Curtis 
for calling the author’s attention to Bottomley’s work. 
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INTRODUCTORY 

Some years ago one of us (Cole 1912) reported that the factor 
producing intensity of pigmentation in pigeons is inherited in characteris- 
tic sex-linked fashion, the female being the heterogametic or heterozy- 
gous sex. At that time only a few typical examples were presented and 
a more complete report was promised. Since then our breeding experi- 
ments have been continued, and we are now able to present numbers which 
are really very considerable for such a relatively slow-breeding animal as 
the pigeon. In this paper we include a fuller report on this factor and a 
first discussion of another sex-linked color factor of peculiar interest 
and also give what data we have on the mutual linkage of these two. 
The second factor, which frequently produces a condition termed for 

’■Papers from the Department of Genetics, Wisconsin Agmcultural Experiment 
Station, No. 15. Published with the approval of the Director of the Station. 
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convenience “dominant red,” was mentioned in an earlier report (Cole 
1914, p, 347). Its identification explains why investigators have pre- 
sented conflicting evidence on the inheritance of red in pigeons. 

Our breeding experiments with pigeons have been continuous since 
1907, having been begun in that year at the Rhode Island Agricul- 
tural Experiment Station and continued there until 1910, when they 
were transferred to Wisconsin. The present tabulations include all per- 
tinent data for the entire period. The junior author became associated 
in the work in 1911. 

DESCRIPTION OF THE CHARACTERS 
I. Intensity 

The differences between the intense and the dilute series of colors 
in pigeons have been quite fully discussed in one of the reports mentioned 
(Cole 1914), and consequently need not be considered in detail at this 
time. The intensity factor, which we have designated I, acts as in 
mammals, with equal effectiveness on both black and red pigment. 
Lloyd-Jones (1915, p. 481) has shown that in the pigeon the effect of 
I is to increase the amount of pigment in the feathers, whether black or 
red, to approximately three times what it would be if / were absent. The 
factor affects the pigment in all parts of the plumage.* 

As a consequence of the above we have in domestic pigeons the in- 
tense series of colors, black, blue and red, corresponding respectively to 
dun, silver and yellow of the dilute series. In most cases there is no 
difficulty in differentiating the two conditions, even though there are 
only one or two pigmented feathers in the plumage. It sometimes hap- 
pens, however, that a black bird will show a lower grade of pigmentation 
in the juvenal plumage than after the first moult. In a few cases there 
may be some uncertainty as to whether a bird dying young is black or 
dun. In other cases the pigment in certain parts of the plumage may be 
altered by modifying factor's so that its condition with respect to inten- 
sity is likewise uncertain, and these cases may be further complicated if 
the birds are nearly all white with the pigment confined to such modified 
regions. Practically no cases arise, however, in which the condition cannot 
be definitely determined by careful examination and comparison. Doubt- 

* No noticeable difference has been observed in the color of the eye in the living 
bird, the pupil appearing jet black in those that are dilute as well as in those that are 
intense. In this respect the case is similar to that of mammals (see footnote, p. 186). 
It is possible nevertheless, that microscopic examination might reveal differences in the 
amount of pigment in the retina. 
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ful cases were checked, whenever possible, by subsequent breeding tests, 
and the breeding test is, of course, the only method of determining the 
presence or absence of I in birds whose plumage is entirely white. 

There appears to be a rather definite correlation between amount of 
down on the newly hatched squab and the intensity of the definitive 
plumage. A complete study of this has not yet been made, but our 
records reveal 64 cases in which the down condition was noted and the 
plumage color is known. Among these there are only four positive ex- 
ceptions to the rule that intense birds had “abundant’’ down when 
hatched, while on the dilute birds it was “sparse.” Whether the recorded 
exceptions are real or due to lack of uniformity in description we are not 
at the present time prepared to state, for while the differences in amount 
of down are usually quite distinct, in other instances they appear to 
intergrade. 

This marked correlation of sparse down with dilute pigmentation was 
brought to Darwin’s attention by Tegetmeier and is mentioned by 
him in “Animals and plants under domestication” (1868) and elsewhere. 
He says : 

“Mr. Tegetmeier has informed me of a curious and inexplicable case of 
correlation, namely, that young pigeons of all breeds which when mature be- 
come white, yellow, silver (i.e., extremely pale blue), or dun-coloured, are 
born almost naked; whereas pigeons of other colours are born well-clothed 
with down.”^ 

It is a matter of much interest that Strong (1912 b) has noted a simi- 
lar relation of intensity of pigmentation to abundance of natal down in 
the Ring-dove {Streptopclia risoria), the blond variety having much 
down while the whites have little. Strong makes this as a general state- 
ment and does not say whether exceptions ever occur. We also have 
noted the same difference in Ring-doves. The matter of exceptions is of 
importance, since if the two conditions are really completely correlated 
it would indicate either two factors completely linked or else two very 
different physiological effects of a single factor. If true exceptions occur, 
it would appear that abundance of down depends upon a separate sex- 
linked factor, closely, but not completely linked to /. The fact that a 

* Reference to this observation occurs in the unpublished Darwin-Tegetmeier cor- 
respondence deposited in the library of the New York Botanical Gardens. It seems 
probable that the whites referred to were genetically dilutes; for if the correlation 
is between the down condition and the factor for intensity of pigmentation rather than 
the condition of expression of that- factor, whites carrying / would be expected to have 
abundant down in the nestling stage. Our records do not permit a decision at present 
on this point. 
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parallel condition occurs in the Ring-dove suggests that the difference 
between the blond and white types is really an intensity difference and 
that the sex-linked factor which is responsible is homologous to the fac- 
tor I in the domestic pigeon. 

2. Dominant red and gray 

That the uniform red color found, for example in the Tumbler breed 
of pigeons, is a simple Mendelian recessive to black was first reported 
by the senior author (Cole 1909) and later (Cole 1914) elaborated 
in more detail. The differentiating factor was given the symbol B. In 
the presence of B, the plumage color is black, blue, dun or silver; in the 
absence of B a uniform red or yellow.* 

At the time the 1914 paper was being written, it had become evident 
that a second factor is capable of producing reddish pigmentation in 
pigeons, this fact being referred to on pages 326, 335 and 347 of that 
paper. This factor alters the expression of B so that at least some birds 
carrying both B and A are a distinct but not uniform red. Such red 
birds mated to homozygous blacks have red offspring, and therefore red 
of this type may conveniently be referred to as “dominant red” to dis- 
tinguish it from the recessive red (type ba) mentioned above. The A 
factor, like I, is sex-linked in inheritance, the female never being homo- 
zygous for dominant red. The recessive red is of course inherited inde- 
pendently of sex. 

As we at present interpret our breeding evidence, the primary char- 
acteristic of the A factor is its modification of black and not the produc- 
tion of red pigment, for we have secured a series of sex-linked gray 
colors, dominant to black, produced by what is apparently this same A 
factor. Whether an A bird shows red or gray probably depends on 
some unidentified factor or factors which modify the action of A ; al- 
though the possibility that the gray-producing A is a third allelomorph in 
the set must be considered. If either of these interpretations proves to be 
true, no confusion will result from combining the reds and grays in dis- 
cussing the A factor and its linkages, and this we have done in our tables. 
If further work should show that neither is tenable, and that the two 
conditions are produced by separate sex-linked factors, tables 2 and 4 

*To make the interpretation analogous to that now current in mammals, B may, if 
desired, be considered an extension factor for black pigmentation. In the absence of 
B, black is confined to the retina. This view may prove useful in the explanation of 
certain recessive red birds which bear a few dark-colored (black?) feathers, this 
unusual condition being interpreted as partial extension of black. 
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of this paper would lose some of their value and table 3 become meaning- 
less. However, our limited evidence indicates that the two general con- 
ditions are not produced by separate factors, a point which we hope to 
discuss on another occasion. 

Red and yellow birds carrying A but lacking B (formulas bAI and 
bAi) are indistinguishable in appearance from ordinary recessive reds 
and yellows {bal and bai). We have not found such birds among any of 
the recognized breeds that we have experimented with but have formed 
them without difficulty in recombinations. Pigeons of the dominant red 
type of coloration {B present) commonly show an admixture with blue 
of a peculiar shade usually quite distinct from the blue (which is really 
a light gray) seen in the familiar blue with black wing bars that occurs 
in various domestic varieties and in most specimens of the wild Rock 
pigeon. In the dominant red the relative amount of red and blue is 
subject to much variation, individuals occurring in which the red is 
very greatly reduced. The individual feathers are seldom a uniform red 
but show bluish towards the base where the red color runs out. The 
red is somewhat deeper than the color of recessive reds. The difference 
between the blue on these birds and that of the ordinary blue (a, with 
black bars) appears to be due to varying amounts of reddish pigment 
which occurs in most of the blue feathers, giving a somewhat "'warmer’’ 
tone than that of the ordinary blue. In very clear red-barred birds this 
difference is not very considerable if attention is confined strictly to the 
clearest areas, such as the lesser wing coverts. In birds that are more 
red the blue takes on a distinctly brownish tinge. 

A characteristic of all birds bearing both A and S is a peculiar lighten- 
ing of the color of the tail that we have often in our records referred 
to as a "washed-out appearance.” The tail is in all cases noticeably dif- 
ferent from the body, even in birds which without A would have their 
pigmented areas uniformly colored. This peculiarity is frequently use-^ 
ful in classifying white splashes as it is the most persistent characteristic 
of A birds. 

Some of the 'red and apparently all of the gray AB birds show black 
flecks or patches or both scattered over the body. This condition has, 
however, not yet been analyzed. We have seen nothing corresponding to 
it in non-^ individuals. 

Among pigeons bearing the B factor but not A, there are three general 
types, the uniform black, the check and the blue-barred. These have 
been described in some detail by Cole (1914). Each exhibits certain 
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variations. The uniform black may be glossy or dull. The checks show 
differences in the relative proportions of black and the lighter contrasting 
colors, while the latter in turn may be blue or a dull somewhat grayish 
black generally called ‘‘smoky.’* The barred types have two black wing 
bars and a black terminal tail band ; the rest of the wing and the contour 
feathers may be a clear gray blue or a dark smoky blue. These categor- 
ies are perhaps not as sharp as might be inferred from the above state- 
ments, as there are certain intergrades which may, however, for our pur- 
poses be ignored. 

Both the dominant red and the gray series have types corresponding 
more or less closely to those of the black series. Birds of the red series 
that would be uniform black in the absence of A have wing coverts, head, 
neck and back of a fairly uniform red. They are light in the outer 
primaries, rump, tail, flanks and lower belly. These light areas are 
sometimes a rusty blue, sometimes a palish brown. Red checkers are 
readily recognized. The contrasting color on the wing coverts is either 
a rusty blue or a lighter brownish red, which we think correspond re- 
spectively to the blue and smoky contrasting colors in black checks. 
The red checks do not show a terminal tail band, the tail being approxi- 
mately as in the “uniform” dominant reds. The type in the dominant 
red series corresponding to the blue-barred of the black series is called, 
silver® by Homer fanciers, at least in this country, but we shall call it 
red-barred. It has two distinct red wing bars but the general body color 
is bluish. This blue is sometimes very pale, sometimes dark and mixed 
with red. These differences doubtless correspond to the gradation from 
clear blue-gray to a dark smoky color found in barred birds of the black 
series. The tail is generally light bluish or brownish blue and faded in 
appearance. There is usually a dep>osition of brownish pigment on the 
under side of the tail feathers in a poorly defined area just anterior to 
the region that the terminal band occupies in blue-barred birds. This 
pigmentation may usually be seen from the dorsal surface. In the red- 
barred birds, then, the tail-band region commonly shows up lighter than 

® The term “silver’* is used in other publications of this series of studies for the dilute 
blue, a type of coloration in which the wing bars and tail band are dun, and this is the 
usage of most fanciers. Those who call the birds with red bars “silvers’* sometimes 
refer to the birds with dun bars as “silver-duns.** In this paper we shall continue to use 
the term silver in the same sense as heretofore so as to avoid misunderstanding, since 
to use silver in the sense of the Homer fanciers would introduce very g^eat incon- 
sistencies into our terminology. “Red-barred” is the best descriptive term that has 
occurred to us. Adopting this however we should, to be consistent, call blue birds 
“black-barred’* and silvers “dun-barred,** but the change hardly seems necessary. 
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the rest of the tail. The statement made by Cole (1914, p. 326) that 
the terminal band is red was inexact and should be corrected. 

A similar series of types presumably exists among the grays thouj^h 
these have not been as yet thoroughly worked out. We however have 
not yet secured gray checks. The most nearly uniform grays are very 
nearly the same shade in all parts of the plumage, even the primaries and 
tail being but very little lighter. As already mentioned we have not yet 
secured any of this type which were entirely free from black flecks, and 
although the red pigment may be reduced to little more than a trace in 
the position of the wing bars, this also appears never to be entirel}'^ ab- 
sent. When more red occurs in the wing bars, red pigment appears also 
cn other parts, particularly the head and neck, resulting in a red-barred 
gray corresponding to the red-barred blues.® 

Mention has been made in the foregoing discussion, of the effects of 
the A factor only on the intense series of colors, red, black and l)luc. 
In other words, the presence of the intensity factor, /, has been assumed 
in all cases. What has been said of the effects oi A applies, however, in 
the same way to the dilute condition of these colors. A BA bird lacking 
I is yellow, just as an ordinary red bird {ab) is yellow if / is absent, and 
the dilute condition of the bird with red wing bars (BsAI) is similarly 
a modified bluish or grayish, with yellow instead of red wing bars. 

The A factor is undoubtedly of wide distribution in different breeds 
of pigeons. By breeding tests we have identified it in Homers, in white 
clean-legged Tumblers, in white-muffed Tumblers, in white Fantails and in 
red-and-white Tumblers showing the Baldhead pattern, all of which were 
secured from widely different sources. It was apparently present in many 
of the birds which Bonhote and Smalley (1911) used in their experi- 
ments. The birds referred to by them as '"dark mealy,'’ "light mealy," 
and "white mealy," all of which are figured on plate XXV accompanying 
their paper, obviously carry the A factor, the first-mentioned either being 
identical with, or at least resembling very closely, what we have termed 
red-barred. On the other hand, their "blue," "silver" and "chequer," 
figured on plate XXIII, correspond to the types for which we use the same 
terms, and as obviously do not carry A. Furthermore the birds they 
designate as "grizzles" (loc. cit., plate XXIV) are apparently modified 
a types, a fact which is rendered more conclusive by a comparison of the 
grizzle and mealy feathers depicted on plate XXVI. This interpretation 

® Descriptions in some detail of specimens selected to represent several of the domi- 
nant red and gray types will be found as an Appendix to this paper, p. 202. 
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accords with their statement that mealy is dominant to grizzle and, in 
the light of our own investigations on the A factor, helps to clear up 
their difficulty in explaining ‘‘the predominance of one sex in certain 
colours/' In a footnote on p. 617 they say : 

'This most interesting question has not been dealt with in the present 
paper, as we have not yet fully investigated the results ; but we may mention 
that a large proportion of the White Grizzles are $’s, and in the Light 
Mealies by far the larger number are ^ 's ; we have also bred a certain num- 
ber of Cream Mealies, and these have all been $ 's” 

If Boniiote and Smalley had tabulated their results by individual 
matings they doubtless would have found that in certain matings all the 
males were mealies and all the females grizzles, since this would be the 
expectation whenever grizzle cock was mated to mealy hen. Their last 
statement, that all the “cream mealies" bred were females, is difficult of 
explanation, since by hypothesis, if these birds also carried the A factor, 
they would be expected to be males if there were any restriction as to sex. 
We are not certain, however, just what the authors mean by “cream" 
mealies, since they do not appear to be described or mentioned elsewhere 
in the paper. 

Evidence that the A factor was involved in Staples-Browne's ex- 
periments on inheritance of color in pigeons is not so definite, although 
his statements (Staples-Browne 1908, p. 70) that possibly “two types 
of reds may eventually be demonstrated," and (Staples-Browne 1912, 
p. 133) that the question of the inheritance of red and yellow is a com- 
plicated one, may have been induced by complications due to the presence 
of this factor in some of his birds. Among other breeds he employed 
Fantails in his experiments, and, as already stated, we have identified the 
A factor in individuals of this breed. 

A series of experiments recently reported by Nuttall (1918) also 
involves this same factor. Nuttall worked with the “Racing Pigeon," 
which is probably the same as our Racing Homer. He divides his birds 
into four color varieties, viz., blue, blue checker, mealy and red checker. 
He finds red (of the red checker or mealy) dominant. His use of blue 
is the same as ours, namely blue birds with black wing bars and tail band ; 
blue checkers are blues plus checking. Regarding the mealies and red- 
checkers he states : 

“The colour of the so-called mealy birds is difficult to describe. The ground 
colour is somewhat like that of fine oat-meal ; the wing-bars are reddish — ap- 
proaching the colour of damp sand. The mealy birds differ in two salient 
points from the blues — the wing- and tail-quills are, as a rule, pale in colour, 
and the tail-bar is absent. 
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“The red-chequered birds stand in the same relation to the mealies as the 
blue chequers do to the blues, i.e., they are mealies with the addition of 
chequering. The wing-quills and tail-quills are generally pale in colour, 
there is no tail bar.’' 

Nuttall finds the red (of the red checker or mealy) dominant to 
blue, and check dominant to its absence,^ and assumes two sets of allelo- 
morphs to account for the four color types. These are: R, presence of 
red; r, absence of red; C, presence of checking; and c, absence of check- 
ing. The types may be represented by phenotypic formulae as follows : 
RC, red checker ; mealy ; rC, blue checker, rc^ blue. On the strength 
of the descriptions quoted above and the behavior of red in relation 
to black (of the blues) in the breeding tests, there can exiwSt no doubt 
whatever that Nutt all’s red checker is the same as our dominant red 
check, and that his mealy corresponds to the mealies of Bonhote and 
Smalley (1911) or what we have termed red-barred. Nuttall's 
factor R is therefore identical to our A, but owing to the fact that he 
lumped his data and did not consider the results of individual matings 
separately, he apparently gained no inkling of its sex-linked nature.® 

EXPERIMENTAL RESULTS 

I. Inheritance of the I factor 

In the case of a sex-linked factor, only three types of matings pro- 
vide evidence of segregation. For the I factor, these are : 

1. 2 X c? ; expectation, 2 intense cT c? to i intense ? to i dilute 

2. 5 X ^ It; expectation, i intense cf to dilute ^ to i intense ? 

to I dilute 9. 

3. $ /- X c? a,' expectation, i intense ^ to i dilute ?. 

Table i gives a summary of the results obtained from all three types 
of matings. This covers the offspring of 78 matings or families of 
type i, 70 families of type 2, and 60 families of type 3. A detailed 
presentation of the results from individual matings is omitted in the 

The dominance of check was first mentioned by Bateson in 1909 on the authority 
of Staples-Browne, and later verified by Bonhote and Smalley (1911) and by Cole 
C1914, P. 335). 

® Nuttall summarizes his results according to phenotypes crossed and assumes that 
the possible genotypes in each phenotype are present in equal proportions — ^in itself a 
dangerous assumption with such small numbers. Unfortunately, furthermore, in con- 
sidering the possible genotypes of red checker he makes an error (considering RCTc 
and RcrC as different) which vitiates his calculations throughout. Consequently, while 
his expected appearances are correct as to classes, they are faulty with respect 
to numbers. 
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present report as it would occupy considerable space and would serve 
little purpose. It is to be understood that all matings meeting the re- 
quirements and showing segregation with respect to intensity have been 
included, whatever the color. In some cases the A factor is involved, 
and in many the birds may have been entirely white except for a few 
feathers by which the intensity could be determined ; or in some instances 
they were entirely white and the question as to whether they carried I 
was determined from breeding results. 

The first thing to be noted from this table is that with one possible 
exception all records fall into the classes which would be expected from 
the nature of the respective matings.® The doubtful case is a single 
dilute male recorded in type i. As a matter of fact the descriptions of 
this bird show uncertainty, for it was described on September 15, 1908, 
when somewhat less than a month old, as ‘‘apparently a good white bird 
except for flecks of red at the tips of some of the primaries, secondaries 
and greater primary coverts.’^ After molting, however, it was again de- 
scribed on January 23, 1909, as “pure white except for a very little 
yellow at the tip of one greater primary covert, in secondary of right 
wing, and in one primary of left wing.'’ This individual was included 
as dilute in the earlier report on the basis of the later description, but it 
now seems extremely probable that the first description is the correct 
one. On account of the uncertainty, however, the bird is not included at 
all in the present computations. It is clear, considering the contradictory 
descriptions, that it should not be counted as an exception to the sex- 
linked segregation of L We thus find for the intensity factor in pigeons 
no cases of “partial sex-linkage” such as those reix)rted in the Ring-dove 

® There are two matings, not included in the table, in which dilute birds appeared 
where they were not expected at all. A white female (364A) with only a few dark- 
pigmented feathers was bred to a homozygous black male, and among the offspring 
was a female (687B) which was white except for a few yellow feathers. She in turn 
was bred to a black male homozygous for intensity, and among their offspring also 
there was a white bird, this time a male (909A), with a few yellow feathers. We 
have noted these birds as “aberrant yellows" and as yet have no explanation of the 
case. It is complicated by the fact that the birds were so largely white, and it is 
known, furthermore, that some of them carried the A factor, which complicated mat- 
ters still further. It should perhaps be mentioned furthermore that these early results 
were obtained at a time when the matings were not controlled as closely as they have 
been in the later years of the work. Until ipn the mated pairs were not isolated but 
were kept together in large pens, though special care was taken to prevent cross- 
mating and to detect it if it occurred (Cole 1914, p. 318). Beginning in 1912 the use 
of separate pens for pedigreed matings was begun, and this practice was extended so 
that there were very few non-isolated pairs in 1914 and all matmgs have been strictly 
controlled since that time. 
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by Staples-Browne ( 1912) and Strong (1912 b).‘® The attempt was 
made by Bridges ( 1913) to explain these exceptions on the assumption of 
a pair of sex chromosomes in the female dove and a discrete “sex- 
differentiating factor” located near the factor for plumage color. Later, 
however, he puts forward the opinion that “non-disjunction offers an al- 
ternative explanation which seems more plausible” (Bridges 1916, p. 
157)- We are inclined to believe that the records are more probably 
in error. 

Even a casual examination of the table reveals an almost consistent 
excess of males and of intense birds beyond expectation; only in a few 
instances is this not true, and then the differences are very slight. An 
excess of intense birds was noted and commented upon at the time of 
the earlier report on the segregation of the I factor (Cole 1914, p. 360). 
In that report sex was not considered. It was then suggested that the 
discrepancy between observed and expected ratios might have been due 
in part at least to errors in determination of the color in some instances. 
This explanation has now, however, been definitely ruled out, since it has 
been found that such errors were at most exceedingly infrequent in the 
earlier records, and there is even less probability of their occurrence 
since that time. Nevertheless, although the total number of cases has 
been more than doubled since reported in 1914, the excess of intense 
birds is in general even greater in proportion than it was then. 

The fact that there is an excess both of males and of intense birds, 
suggests at once a causal relation between the two, especially as the 
intensity factor is sex-linked. It seems very probable, in fact, that 
this is the true explanation of the excess with respect to intensity. It 
does not, however, explain why the males should be so much in excess 
in many cases. If the normal ratio of males to females in a hetero- 
geneous population of pigeons be accepted as 105:100 (Cole and 
Kirkpatrick 1915, p. 465),^* it will be seen that in the matings of 

i®In table II of Strong's paper (l.c,, p. 301) and on page 313 he states that he 
obtained three blond females from mating of white male to blond female, from which 
only, blond male and white female offspring would be expected. Tables XXI and 
XXII, however, which present his results in detail, show only two recorded exceptions 
(in mating 29) and this is the number he himself states he obtained in another paper 
(Strong 1912 a, p. 443). This may perhaps cast some doubt on the validity of the two 
recorded exceptions. 

As stated in a footnote on the page referred to, a count of all sexes determined to 
December i, 1914, gave 919 males to 881 females, a ratio of 104.31 : 100. A tabulation 
of all sexes recorded up to January i, 1918, shows 1632 males to 1537 females, or a 
ratio of 106.18:100. This again indicates that the average ratio for our population 
tends to vacillate around 105. 
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type 2 the results came fairly close to this norm; but in the other two 
types of matings the ratio was much higher. Particularly is this so for 
type I, where the males to females are as 125 : loo. The numbers on 
which this ratio is based are too large for this to be a chance deviation. 

In presenting for comparison the expected results with those actually 
obtained, the expectations are given based both on normal, unmodified 
Mendelian segregation of sex (ratio 100:100) and of the factor for 
plumage intensity and also on the assumption that the average sex ratio 
is for some unknown reason 105 : 100. It will be observed that the latter 
figures tend to correct in considerable degree the discrepancies which 
occur in the case of the former. Even so, however, a decided excess 
still remains to be explained. We are unable at present to suggest any 
well substantiated explanation, but a careful study of the individual 
matings, particularly of type i, where the excess noted is greatest, brings 
out certain facts which are suggestive. These are not definite enough 
to warrant the inclusion of the detailed data here, but it is hoped by 
further breeding in selected families to secure large enough numbers for 
more adequate analysis. The most significant fact apparent is that the 
great excess of males, and consequently of intense individuals, appears 
to be due mostly to widely divergent ratios in certain families and not 
to a general tendency in all. If we were to assume a sex-linked lethal 
factor in such families, closely associated with I, the excess of male 
offspring could be accounted for. The ratio of males to females in lines 
carrying the lethal should be 2 : i, and in a few matings where there is a 
fair number of offspring the proportions approximate this ratio. The 
closer the association of / with the lethal factor, the nearer would the 
ratio of intense to dilute offspring also approach that of 2 : i. The pro- 
portions of the sexes and of intense and dilute birds in any population 
would accordingly depend upon the relative number of lines carrying the 
lethal and the closeness of association between the lethal and the factor /. 
While this hypothesis is admittedly hung on a very slender thread of 
data, it at least has the advantage that it can be tested by definite and 
known experimental methods. 

2. Inheritance of the A factor 

In table 2 are shown the data on the inheritance of the A factor. Here 
again it will be noted that all fall in the expected categories, with two 
possible exceptions,^* a recessive (a) male and a dominant (A) female. 

An exception not included in the table occurred in the case of 9 687B, one of 
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in one of the matings of type 3. The records themselves in this case con- 
tain no indications of confusion, but it seems significant that the two 
birds in question were nestmates, and that if the sexes were simply re- 
versed, they would fall into their proper classification.^® This happens, 
furthermore, to be one of the relatively few instances in the earlier part 
of the work in which the recording of the sex was done by an assistant 
in the absence of the senior author, and before the junior author was 
associated with the work. All things considered, the probability of a 
reversal of the sexes having been made in recording seems strong enough 
to warrant these birds not being counted as exceptions; instead, they 
have simply been omitted from the computations altogether. 

There is a striking difference in the sex ratios in table 2 as compared 
with table i. In table i there was an excess of males in all three types 
of matings, as has been seen. In table 2 just the opposite is the case in 
the first two types of matings, while in the third there happens to be exact 
equality. * While in most cases the observed numbers are fairly close 
to expectation on a basis of equality of males and females, they are still 
farther away from expectation on a basis of 105 : 100. The very low 
ratio of males in type i cannot be given great weight because of the rela- 
tively small numbers, but larger numbers are involved in the other 
matings, and there can be no doubt that the general deficiency of males 
in table 2 as compared with table i is significant. The theory suggested 
to explain the excess of males in the former instance cannot be used to 

the “aberrant yellows” already referred to in the footnote on p. 192. The recorded 
male parent of this bird was a black (oa) and the mother (presumably A — ) was 
white with a few dark-pigmented (dominant red?) feathers. In such a mating none 
of the female offspring should carry A, but 9 687B evidently did. Two other birds 
(1S33B2 and 1608V) having the A factor are recorded from parents neither of which 
had it. These birds also are related, the father of 1608V being a brother of 1533B2, a 
fact which may have significance. Since, however, these cases are so irregular, and 
as no explanation is at present apparent, they have been omitted from consideration 
in the present connection. Cross mating or confusion of records is possible, but we 
have found nothing except the discordant results to indicate that anything of this 
kind is responsible. The later cases are being continued for further investigation. 

In this connection it might also be mentioned that in the early work at Rhode 
Island the letters A and B were used to designate the squabs hatched from the first 
and second eggs respectively, the records being intended for use in a study of the rela- 
tion of order of laying of the eggs to the sex of the resulting offspring (Cole and 
Kirkpatrick 1915). When the identity of egg and squab was lost the symbols X and 
Y were used to indicate that fact. It is possible that this may have some bearing on 
the apparent reversal of the sex records in the present case, for the nestmates in 
question were an X and Y pair and the assistant who made the record of sexes, 
knowing that they would be useless in that investigation, might not have made the 
entries with his usual care. 
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Inheritance of A. 
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explain the deficiency of them here; but if the suggested lethal were 
entirely absent the ratio of males should not be higher than 100. If the 
two sets of data are combined, duplicates being counted only once, thus 
making up a larger sample of the total population of the lofts, the total 
numbers are 898 males to 832 females, or a ratio of 108: 100. This 
number is fairly close to 105, which has been taken as the average of 
the general population. It would doubtless have approximated it even 
more nearly had the number of birds involving the A factor been as 
large as that included under I. 

The foregoing illustrates how general population averages are derived 
from composites and in themselves may have little if any direct bio- 
logical significance. 

3. Linkage relations of I and A 

Since 1 and A are both sex-linked in their inheritance, it is naturally to 
be expected that they should show some linkage to each other. We 
have been endeavoring for the past four seasons, by experiments de- 
signed definitely for that purpose, to obtain sufficient data to establish 
such linkage beyond reasonable doubt and to obtain a reliable measure 
of its intensity. Goodale (1917) has recently reported crossing over 
of sex-linked factors in the fowl, where it occurs in the male as is the 
case in Lepidoptera. This is apparently the first published record for 
birds. We have been aware of crossing over in the male pigeon ever 
since the second sex-linked character was recognized in 1913; our diffi- 
culty has been to demonstrate that there was any linkage. Only relatively 
few matings could be devoted to this purpose, and reproduction in pigeons 
is so slow that our numbers are still inadequate to give anything like an 
exact measure of crossing over. While, therefore, we do not claim that 
the figure obtained to date indicates the precise amount of crossing over 
between these two factors, we do feel nevertheless that the divergence 
from equality of crossover and non-crossover types among the offspring 
is sufficient to indicate that an appreciable, though probably relatively 
slight, degree of linkage exists. 

In table 3 the details are given of those matings used in the linkage 
computations. In the upper part of the table are matings of males who 
received both dominant factors from one of their parents and both 
recessives from the other. The combination given first is that received 
from the father and the second is that from the mother. Thus $ 896B 
in mating 1320 received the recessive factors ia from his father and the 
dominant factors I A from his mother; and so for the others. The results 
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Table 3 

Matings showing linkage of I and A» 


Mating | 

1 Offspring 


$ parent 

$ parent 

Non- 

Crossover 

Number 





crossover 




Number 

Formula 

Number 

Formula 

IA 

ia 

la 

iA 

1320 

896 B 

iaJA 

1028 B 

ia — 

0 

2 

0 

I 

1329“ 

711 A 

iaJA 

65s A 

lA--- 

0 

I 

0 

0 

1450 

896 B 

iaJA 

450 Y 

ia — 

2 

0 

0 

0 

1511 

1470 B 

iaJA 

847 A 

ia — 

5 

4 

3 

2 

1512 

1457 B 

lA.ia 

1332 B 

ia — 

4 

0 

2 

0 

1580 


lA.ia 

781 B 

ia — 

2 

2 

0 

I 


1457 B 

lA.ia 

1304 K 

ia — 

6 

1 

3 

4 

1617 

1457 F 

lA.ia 

1325 c 

ia — 

I 

I 

2 

I 

1620 

1061 H 

lAAa 

1471 E 

ia — 

I 

0 

0 

0 

1624 

1511 E 

lA.ia 

1470 K 

ia — 

I 

I 

0 

0 

Totals 



L _ 1 


22 

12 

10 

9 



1 



la 

iA 

IA 

ia 

136s 

968 B 

la.iA 


ia — 

I 

0 

2 

0 

1456“ 

1167 A 

iAJa 

1432 A 

/fl— , 

2 

I 

I 

I 

1523 

1335 M 

iAJa 

781 B 

1 ia — 

5_ 

I 

3 

3 

Totals 




i 

8 

2 

1 6 

1 4 


Summary: 44 non-crossovers, 29 crossovers. 
Percent crossing over, 39.72. 


of these matings tend, therefore, to show ‘^coupling.’’ The three males 
in the lower part of the table received one dominant and one recessive 
factor from each parent, and their offspring accordingly indicate a 
corresponding “repulsion” of / and A, Of the 73 offspring obtained in 
these 13 matings, 29 were crossovers and 44 non-crossovers. Thus cross- 
ing over occurred in 39.72 percent of the cases. Although with such 
small numbers a few records one way or the other may change the per- 
centage value considerably, it has been noted as the records have accumu- 
lated that this value has tended to remain somewhere near 40 percent. 
For the present, therefore, until larger numbers have been obtained, it 
may be assumed that the crossover value of I and A is roughly 40 
percent 

No special demonstration of the absence of crossing over in the female 
is necessary, since it is sufficiently demonstrated in the matings recorded 
in tables i, 2 and 3. If crossing over were to occur in the female it 
would result in exceptions to the expected relations of sex and the sex- 

Only female offspring considered. 
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linked characters, but no such undoubted exceptions were found. Fur- 
thermore, crossing over in the female would make possible the occurrence 
of females homozygous for the sex-linked characters, and no such have 
ever appeared. The reported cases of exceptions in the dove and canary 
are doubtful, and if valid, are probably to be accounted for on another 
basis (Bridges 1916). Goodale (1917) reports no crossing over in 
the female domestic fowl, so it seems legitimate to assume that it does 
not occur in birds. This means that if the sex chromosome of birds 
has a mate, as in Drosophila it does not bear any factors. 

The best test of crossing over in the female is obtained when males 
recessive for both the sex-linked characters (ia.ia) are mated to females 
carrying them both (I A — ). Under these conditions all the male 
offspring should carry both I and A, while the female progeny should 
be double recessive (to). In our records there are three matings of this 
type. These are shown in table 4, and as far as they go they show results 
entirely in accord with the expectations on the assumption that crossing 
over does not take place in the female. 


Table 4 

Demonstrating absence of crossing over in the female. 


Mating 

Offspring 


1 $ parent 

1 $ parent 

Non-crossover 


Number 







Crossover 

Number 

Formula 

Number 

Formula 

$IA 


248 

38 A 

ia,ta 

55 A 

lA^ 

0 

2 

0 

830 

697 B 

ia.ia 

548 A 

lA- 

2 

2 

0 

1470 

128s U 

ia.ia 

1333 A 

lA^ 

7 

8 

0 

Totals 

9 

12 

0 


Crossing over, o percent. 


SUMMARY 

1. Two sex-linked characters of the domestic pigeon have been studied, 
namely intensity of pigmentation (factor I), and an alteration in the ap- 
pearance of the black pigment (factor /i). 

2. The A factor has a variable effect on the color of the bird, the 
differences depending, presumably, upon combinations of individual fac- 
tors. There are apparently two main categories, dominant red and 
gray. The dominant red presents an interesting contrast with the reces- 
sive red described in previous publications. 
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3. In the case of while the results were in accord with expectation 
as to the association of the character with sex, there was a considerable 
disturbance of the sex ratio, the males being much in excess of expec- 
tation. This seems to be due largely to excess of males in particular 
families, and may be the result of a recessive sex-linked lethal factor. 

4. In the matings involving the A factor there was a deficiency rather 
than an excess of males. No explanation is apparent. 

5. The two sex-linked factors I and A show a slight but appreciable 
mutual linkage. Crossing over in the male occurs in roughly 40 percent 
of the cases ; there is no crossing over in the female. 
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APPENDIX 

Descriptions of dominant red and gray types 

The following descriptions of individual birds selected to represent the 
more striking types of dominant reds and grays may be of value to the 
reader who desires to get a more definite notion of the colors referred 
to as resulting from the action of the A factor. Only brief and relatively 
incomplete descriptions are given at this time as it is planned to present 
much more detailed descriptions of these types after the genetic relations 
of the various conditions have been more thoroughly worked out. The 
color names in quotation marks are those given by Ridgway (1912). 

1533B2. Dominant red, light rump. Head, neck, breast, upper back 
and wings (except flights), dark reddish brown. Feathers taken from 
lesser wiqg coverts are slightly lighter than “Vandyke brown” — between 
that and “Rood’s brown,” but nearer the former.^® On the head there 
is a slightly bluish cast, and the same is true on the lower breast and belly. 
Flights (except at tips) and primary coverts mealy (red and blue mix- 
ture). Tips of flights, rump and tail light steely blue (“gull gray”). 
In these parts there are prominent flecks of black. 

1487B2. Dominant red, dark rump. Distribution of red as in pre- 
vious type; darker in color, apparently on account of numerous fine 
intermingled specks of black. Lesser wing coverts match very closely 
with Ridgway’s “bister.” Lower breast and belly very dark, almost black. 
Flights slaty (with reddish cast), not conspicuously lighter at tips. Rump 
and tail slaty, without the reddish. Rump a dark gray difficult to match, 
but somewhere near “dark mouse gray.” Patches of black occur in upper 
tail coverts and tail, but not so many small flecks as in former case. 

A80. Red barred, clear. Head, neck, upper breast and wing bars 
red. On the darkest part of the breast this is close to “burnt umber” ; on 
the tertiaries, where it forms part of the wing bars, it is lighter, about 
“Vandyke brown.” The proximal parts of the flights and their greater 
coverts are mealy. These mealy areas are continuous with the wing bars 
when the wing is open. Most other parts of the bird are a light bluish 
with a slightly reddish cast, the lesser wing coverts matching fairly well 
with “pallid mouse gray.” The rump is lighter, almost white. Black 
flecking practically absent. 

Ay shows some modification from this type. The distribution of red 
is less extensive, the head being a slaty blue (near “light neutral gray”) 

*sThe color of recessive reds (60 or bA) is l%hter, commonly very close to “pecan 
brown” (Cole 1914, p. 320). 
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and practically free of red. The red of the breast is of about the same 
shade as in A80, but that of the wing bars is more brownish, the red 
bar on the tertiaries being close to ^^mass brown.” Very little of the 
mealiness in the flights. The blue parts differ in lacking the warm tone of 
the other, owing to much less of the reddish cast mentioned. The color 
of the lesser wing coverts is nearly the same as is common on ordinary 
blues with black bars, namely ‘‘gull gray.” Rump almost white. Black 
flecks and patches moderate in amount. 

1 456 A. Gray. Fairly uniform gray, but darker on head, neck and 
breast, due in part to minute reddish specks in the feathers. The dark 
breast feathers are fairly near to “dark mouse gray” (not considering the 
inconspicuous brownish flecks). Lesser wing coverts “pale neutral 
gray.” Incomplete reddish wing bars due to red-mealy patches in ter- 
tiaries and inner secondaries. Rump nearly uniform with back and tail. 
Numerous conspicuous black flecks and patches on nearly all parts. 
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INTRODUCTION 

This paper is an attempt to analyze the current theories of crossing 
over by a study of its normal fluctuating variations in a particular chromo- 
some. It is the direct outgrowth from, and indeed in some respects, a 
supplement to the studies of crossing over made during the past few 
years in this laboratory. During this investigation, however, the prob- 
lem has been approached from a different point of view and has made 
use of rather more adequate methods. 

The problem and the point of view taken may be best defined by con- 
sidering a few of the already known facts concerning crossing over in 
Drosophila. If one counts separately the offspring of a large number of 
hack-crossed females heterozygous for a large number of factors, there 

contribution from the Zoological Laboratory of Columbia University. 
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Tiiay be formed from the resulting data characteristic curves of variation 
of the number of breaks for each region of the chromosomes which 
were contained in the females under consideration. The precise form 
of these curves, as well as the location in them of the value calculated 
from the offspring of any particular female, is the result of two basic 
variables, environment and heredity ; — environment, in that the conditions 
surrounding the germ cells of one female may be more favorable to 
crossing over in one region or mayhap in the whole chromosome than 
the conditions in another female ; heredity, in that a gene may, when sub- 
stituted for another gene in the same locus, influenced in a marked way 
the crossing over in a given region. 

Little has been done toward a direct analysis of factors such as these 
in their bearing on the contending views of the mechanism behind the 
crossingr-over phenomena. Yet clearly such an analysis offers one of the 
l^st means of extending our knowledge and furnishes critical evidence. 
The study of interindividual variation offers a way by which the prob- 
lem of the mechanics of crossing over may be attacked. 

Specifically, the direction of the attack on the general problem is that 
ot the analysis of the variation curve in terms of its component individ- 
uals. A given individual in the frequency distribution may show a par- 
ticularly high rate of crossing over for one section of the chromosome. 
Will it show the same high rate for other sections and, if so, will it also 
show this proi>ortionately high rate for the double crossing over including 
these two regions? Does the substitution of other genes for those nor- 
mally present affect the crossing over in an individual concerned in the 
formation of our variation curve? These examples will give a definite 
idea as to the general manner of a])proach to the problem of variation in 
crossing over followed in this paper. 

MATERIAL AND METHODS 

Most of the data contained in this paper were collected during the 
years I9i5-’i6 and 1916-T7 that the author has been a member of the 
Zoological Laboratory at Columbia, the rest was obtained at Cold Spring 
Harbor, Long Island, during the summer of 1916. 

To make the conditions as nearly constant as possible with regard to 
temperature, all flies were bred and reared in an incubator controlled by 
a thermostat to maintain a temperature of 25° C. Even with this pre- 
caution, it is realized that this is not altogether satisfactory, for in 
summer the outside temperature often rises higher than 25° C. How- 
ever this rise is slight, and it is thought that the conditions have been 
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maintained so constant that temi>erature variations may be said to be 
negligible. 

It is probable that food has no effect on crossing over. But as a 
change was made from fermented banana to an artificial food mixture 
of starch, sugar, peptone, yeast, and water, this factor will be discussed 
in connection with the data. 

The factors used throughout were those which lie in the third chromo- 
some. Enumerated in the order of their position, they are sepia (Se), 
Dichaete (Z)'), curled (c^), peach (/>^), spineless (.?«), hairless (//')» 
sooty (c*), and rough (r^). These factors are arranged in the chromo- 
some as seen in diagram i. 

Several distinct sets of experiments were made, using different com- 
binations of these factors. In all cases they were made as back-crosses 
of a heterozygous female to a male homozygous for the recessives car- 
ried by the female. The specific kind of cross that was used in each 
experiment will be given in connection with a discussion of the data. 

For the data on the effect of selection on crossing over, all of the mat- 
ings were made strictly brother and sister. For the rest of the data this 
practice has not always been followed, although it generally has been. 
In all cases the record for the output from each female, represents the 
offspring of that female mated to a single male. The time allotted for 
the hatching of the eggs which were laid is in every case ten days after the 
first fly hatches. Thus the count of a given female is obtained by count- 
ing all flies which hatch during the ten days following the emerging 
of the first offspring from the pupa case. 

It hardly seems necessary to say that contamination was carefully 
watched as a source of error in the data. In every case all of the triple 
crossovers were tested to be sure that there were no mistakes. Any other 
cultures which g;ave extreme results were bred from to test the result. 
From this it is thought that the cultures included in these data are free 
from contamination and non-virginity errors. 

In recording data, each region of the chromosome may be designated 

12 3 4 

. S S V 

in one of two ways. Thus 2 the first region would 

be either s^. 73' or i ; the second region £>' or 2 , etc. In this way the 
regions are designated from left to right numerically as 1 , 2 , 3, 4, etc. 
The double crossover may also be recorded as s^, 73' and 73' where a 
i)reak occurs in the two regions sepia Dichaete and Dichaete spineless 
simultaneously, or it may be recorded as i, 2 (break in region i and break 
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0.0 

8«pia(te) 

10.0 

DlobMt.(D') 

13.7 

Curl«d(ou) 

U.ST 

PaAoh(pp) 

30.4 


39.3 

H4irl«a8(R') 

30.5 

SootyCat) 

50.9 

Rough (ro) 


Diagram i 


in region 2). The triple crossovers may likewise be recorded as i, 2, 3 ^ 
for one including the first three regions of the chromosome. Thus by an 
extension of this method all possible crossovers are recorded. 

The biometrical methods used in the analysis of the statistical material 
are in general not different from those commonly in use. A few re- 
marks may not be out of place, however, in regard to the computation 
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of some of the constants in this paper. In the calculation of the standard 
deviation Sheppard's correction for the second moment was not used 
as it is evident to anyone studying the distribution that there is no ap- 
proach to high contact at one end of the distribution at least. In the 
back-cross test of heterozygous females, carrying the genes for sepia, 
curled, spineless, sooty, rough, in one chromosome, and for dichaete, and 
hairless in the other, by males homozygous for sepia, curled, spineless, 
sooty, and rough, all of the calculations were made from ungrouped fre- 
quency distributions. In the formation of the correlation tables all the 
data have been punched on cards and sorted, first into the frequency 
distribution for the first region, then the classes sorted into the fre- 
quencies for the second region to form the correlation surfaces. This 
sorting has all been done by the machine made by the Tabulating Ma- 
chine Company. All of the calculation was done on one of the com- 
mon calculating machines. It is hoped that there are no errors remaining 
in the computations, although it is impossible to be absolutely sure in a 
work as large as this that slight arithmetical slips have not gone by 
unnoticed. 

THEORETICAL ASPECTS OF THE PROBLEM OF THE MECHANISM 
OF CROSSING OVER 

Before proceeding to the direct analysis of the problem of crossing 
over, it may be well to consider what the different theories of crossing 
over should give as observed results in a theoretically perfect experiment. 
The theories to account for crossing over which are now extant may 
be reduced to two.^ The first of these, brought forward by Bateson 
and PuNNETT, as the reduplication theory, attempts to account for cross- 
ing over as a differential rate of division in germ-cell formation. The 
second takes as its fundamental postulate a twisting of the chromosome 
threads in loose twists. 

If we carry the analysis of what would be expected on the reduplica- 
tion theory to include, besides the single separation, those double separa- 
tions of coupled factors, we would expect only such correlation between 
single separations and the successive double separations as would be 
brought about by their being correlated to the same thing. In other 
words, we would expect this relationship to vanish when we used par- 
tial correlations to measure directly the single separations and double 

2 In view of the recent criticism by Sturtevant and Bridges of the hypothesis to 
account for crossing over brought forward by Goldschmidt, it seems to me wise to 
await the reply before considering it further. 
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separations. This is just what we would not expect on the twisting 
hypothesis of crossing over. Let us consider the case of a fixed point 
of twist having a known variation around a mean ratio (a) from the 
fixed point for the second twist. Now, if we take successive ratios of 
crossing over along this chromosome, with a break at one fixed point, 
what is the likelihood of another simultaneous break in successive re- 
gions as we progress along the chromosome away from the fixed point? 
Surely, it will increase to the mode of our frequency curve of the ratio 
for twist, and diminish from that toward the further end. Thus one 
of the strongest pieces of evidence that can be given for the twisting 
hypothesis to account for crossing over will be given if we can show 
that there is such a rise and fall in single and double correlations. 

There are, unfortunately, some difficulties in our data which should 
be pointed out. In the first place, it is impossible to limit our first break 
to a fixed point because there are not enough good factors close enough 
together to do this. It is necessary, therefore, to take a small segment 
of the chromosome from which to measure. The successive regions taken 
to divide the frequency distribution of twisting have to be uneven inter- 
vals and further the interval in one of our segments to) has to be 
quite long. These are physical difficulties which I see no way of over- 
coming. They are not difficulties which in any way vitiate the conclu- 
sions, however, for in every case the effect is such that it subtracts from 
the numerical value of the coefficients measuring the relationship. Thus 
conclusions drawn from these coefficients have a big margin of safety. 

These difficulties should, however, be kept constantly in mind in weigh- 
ing the value of the evidence. Specifically, in our data, region is 
poorly suited to this study because it is so long that should twists occur 
between 25 and 30 units apart the second twist might fall in either of 
two regions {SfD' or /?'«), depending on whether the first one is near 
Cf. or To. The mid-regions are also not well suited to this study as the 
regions on either side are not long enough to enable the mode of the 
curve to appear, if the modal frequency of twisting is about 25 units. 
The Se D' region considered in connection with the rest of the data is, 
however, well suited to the study, for here the first region is short and 
so located at the end of the chromosome that it has the whole length of the 
chromosome for the other twist to fall. Consequently, it is to that re- 
gion which we will pay most attention in our subsequent analysis. Some 
ether difficulties, such as genetic variations of crossing over, which if 
present materially influence our conclusions, will be the first to receive 
consideration. 
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FREQUENCY DISTRIBUTIONS OF THE VARIATION IN PERCENT OF SINGLE AND 
DOUBLE CROSSING OVER IN THE THIRD CHROMOSOME OF DROSOPHILA 

The frequency of the percentage of crossing over for the various re- 
gions is shown in tables i and 2, both in absolute figures and in per- 
centages. 


Table i 


Percentage of single crossing over ( 


Sn 

D’ 




rO) 


Per- 

cent 

crossing 

over 

Region i 

Region 2 

Region 3 

Region 4 

Fre- 

quency 

Per- 

cent 

Fre- 

quency 

Per- 

cent 

Fre- 

quency 

Per- 

cent 

Fre- 

quency 

Per- 

cent 

0-2 

2 

.83 

2 

.83 

I 

.41 



2-4 

4 

1.66 

10 

4.16 

9 

375 



4-6 

18 

7-50 

30 

12.51 

18 

7.50 



6-8 

29 

12.08 

51 

21.26 

45 

18.76 

3 

1.25 

8-10 

44 

18.34 

57 

23.76 

57 

23.76 

2 

.83 

10-12 

55 

22.93 

31 

12.92 

44 

18.34 

5 

2 09 

12-14 

38 

15.84 

27 

IT.25 

29 

12.08 

13 

541 

14-16 

30 

12.51 

16 

6.66 

19 

7.91 

15 

6.25 

16-18 

13 

5.41 

9 

374 

11 

4.'!9 

38 

15.84 

18-20 

3 

1.25 

5 

2 0<1 

4 

1.66 

34 

14.17 

20-22 

3 

L25 

I 

•41 

3 

L25 

48 

20.00 

22-24 

I 

1 .41 

I 

.41 


1 

28 

II 67 

24-26 







23 

958 

26-28 






' 

17 

7 08 

28-30 




\ 



7 

2.92 

30-32 



1 

1 


' 

5 

2.09 

32-34 



1 

1 





34*36 




i 


' 

I 

.41 

36-38 




i 

1 

1 . 


I 

1 .41 

Total 

1 240 

1 100.00 

240 

j 100.00 

i 240 

100.00 

i 240 

1 100.00 


In engaging in any discussion of the distributions and the interrela- 
tions between them, it seemed advantageous to have the physical con- 
stants, mean, standard deviation, and coefficient of variation, before us. 
In the calculations of these constants Sheppard’s correction for the 
second moment was not used. 

A number of interesting points are brought out by this table : 

I. It will be seen that the crossing-over ratio for D'sg obtained by 
summation of the values for Tyc,^ and Cy^Ss that the sum is only 8.388 
percent, as against 9.483 percent for the cross which does not contain 
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Table 3 

Physical constants for the frequency distributions of the third chromosome. 


Region 

Mean 

Standard 

deviation 

Coefficient of variation 

j. D'8 

10.900 ± .166 

3.807 ± .117 

34.923 It 1.199 

Sn* 

20.383 ± .276 

6.332 ± .201 

31.003 ±: 1.074 

s. e^* 

30.458 .361 

8.282 ±1 .263 

27.189 ± .917 

- « *. * 
ro 

50.858 ±. .420 

9.654 — *306 

18.623 It .624 

D' c«t 

2.84s ± .297 

2.680 ± .210 

58.956 ± 5-885 

D' J.5 

9.483 ± .170 

3.907 It .120 

41.201 It 1.468 

D' 

19.558 ± .258 

5.916 ± .188 

30.335 ± 1.034 

D’ ro* 

39.958 ± .330 

7.568 ± .240 

18.513 It .624 

f u 

5.543 ± .186 

1.677 ^ -131 

40.823 ± 1.636 


9.862 ±. .251 

2.263 ~ -177 

23.558 ± .875 


10.075 ±: .165 

3.785 ± .117 

37.570 It 1.310 

ro* 

30.475 ± .266 

6.103 ti .192 

19.427 ±: .651 

W r"t 

1. 173 ± .258 

2.323 ±: .182 

62.980 ± 6.414 

t’" ro8 

20.400 it .216 

4.957 .153 

24.300 it .791 

jeD' and D'ss^ 

1.065 ±: .045 

1.029 ± .032 

96.651 It 5.040 

sdX and 

1.273 — .041 

.950 ± .029 

74.636 ± 3-341 

s^D' and ^»''ro8 

2.170 ±: .063 

1.458 It .045 

67.178 t: 2.853 

D'sn and 

.609 ±: .027 

.613 ± .019 

100.766 It 5.401 

D’ss and r*ro5 

1.498 ± .053 

1.210 ± .037 

80.792 ± 3.777 

snc* and ^Vo8 

.613 ± .029 

.672 ±. .021 

109.750 ti 6.240 


* Compound constants calculated from the separate components by summation, 
t Calculated from ungrouped frequencies of table A (Appendix, p. 241). 

8 Calculated from grouped frequencies of table D (Appendix, pp. 243-247). 


ihe gene for Likewise, in the summation of the values s^H' and H'ca 
there is quite a considerable difference from the result obtained in the 
cross without H' (11.035 to 10.075). It remains for a further section 
of this paper to discuss whether or not these differences are significant. 

2. It will be noted that there is a very high coefficient of variability in 
practically every ratio, this variability being greatest when the mean 
crossing over ratio is small. Thus, it may be said that when dealing 
with factors which separate only rarely there is to be expected great 
fluctuation in the value of the ratio of crossovers to the total number of 
flies 

3. It is further to be noted that the variability in the number of double 
breaks is markedly higher than when the variability of the single break 
is considered. This high variability is no doubt due in part to the small 
absolute number of double crossovers which are expected. However, this 
does not in any measure account for the whole of it. From the table 
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we can safely say that double crossing over is an extremely variable 
character. 

4. A comparative view of this variability will give us a better basis 
for judging of its real magnitude. A constant is so named because it has 
a low variability, and as this variability becomes greater , its action is 
measured by so-called laws. Now, it will be interesting to compare some 
of the morphological characters which more nearly approach physical 
characters and some more nearly physiological characters with the values 
for crossing over. 


Table 4 


Variation constants for various^ characters. 


Subject 

Character 

Coefficient 

of 

variation 

Authority 

Poland-China swine 

Size of litter 

27.41 

Surface (1909) 

Man 

Number of children 

48.14 

Powys (1905) 

English males 

Heart weight 

22.22 

Greenwood and Brown 

(1913) 

Cattle 

Rev. maximum daily milk yield 

18.00 

Gavin (1913) 

Domestic fowl 

Shell weight of eggs 

13.86 

Curtis (1914) 

English 

Length of skull 

3-31 

MacDonell (1904) 

Domestic fowl 

Breadth of egg 

3-29 

Pearl (1914) 

Drosophila 

Single crossing over 

18.51-58.96 

This paper 

Drosophila 

Double crossing over 

67.18*109.76 This paper 


A glance at this table suffices to show how much crossing over in dif- 
ferent females varies. Even the lowest values stand well up among 
the characters which are more purely physiological in character and the 
highest value is much alx)ve that which is ordinarily found even in the 
physiological characters. Such a high variability demands explanation, 
and it will be the function of a succeeding section of the paper, where 
the data has been collected for it, to attempt such explanation. 

VARIATION IN CROSSING OVER BETWEEN TWO FIXED POINTS IN EXPERI- 
MENTS CONTAINING OTHER INTERMEDIATE GENES 

In undertaking a discussion of crossing over, a matter of prime 
importance is the question whether or not a change in the genes between 
two fixed points influences the amount of crossing over between these two 
fixed points. 

It has alread) been shown by Sturtevant (1917) and Muller 
(1916) that there are disturbing factors in the second and third chromo- 
somes which reduce the crossing over of the factors located in their re- 
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spective chromosomes. In every case these disturbing factors have quite a 
considerable effect, as, for example, the cutting down of crossing over 
from about 50 percent to i percent. Now the question arises, do all 
factors influence crossing over? Is an effect on crossing over as much a 
function of a gene as the eye color or the body color that is given to an 
animal by its presence? A partial answer to this problem may be had 
by a comparison of the crossing-over value for two sets of data in which 
it is known that in the first set a given gene is present which is not pres- 
ent in the second set. To this end the following data were collected in 
which heterozygous females of the comjx>sition indicated for each distri- 
bution were crossed with males homozygous for the recessives carried 
by the female. 

It will be seen on examination of these tables that they differ from 
each other in having a different set of factors run in combination with 
certain common factors. Thus, table 5 differs from table 6 in being 
formed from a cross which has a chromosome carrying dichaete sub- 

Table 5 

Sb C* fo 

Genes, . 


Non-crossovers 

Single crossovers 

1 Double crossovers 

0 

I 

2 

3 

4 

h 2 

I, 3 

I, 4 

2, 3 

2, 4 ] 

1 3 , 4 

17,171 

2,208 

1 

2,211 

2.639 

5.163 

292 

392 

629 

132 

413 

125 


Triple crossovers i 

Quadruple 

crossovers 

Total 

I, 2, 3 

I, 2, 4 

I, 3, 4 

2 , 3, 4 

I, 2, 3, 4 


II 

39 

17 

13 

I 

31.456 


Table 6 

Se Su ro 

Genes, - — — — ’ ■ 

H' 


Non- 

crossovers 

Single 

crossovers 

Double 

crossovers 

Triple 

crossovers 

Total 

1 

0 

I 

1 2 

1 3 

4 

1,2 

1,3 

1,4 

1 1 

2,4 

3,4 I 

1 1,2,3 

1,2,4 


1459 

378 

1 

29 

436 

31 ' 

8 

89 

1 

10 

2 

1 ^ 

I 

2631 
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Table 7 
D' p* sm e* ro 
Genes, ••• 


Non- 

crossovers 

Single 

crossovers 

Double 

crossovers 

Triple 

crossovers 

Totol 

0 

I 

2 

3 

4 

1,2 

1,3 

1,4 

2,3 

2,4 

3,4 

1,2,3 

1,2,4 

1 , 3,4 


1220 

92 

263 

312 

366 

15 

25 

30 

9 

32 

II 

I 

4 

I 

2381 


Genes, 


Table 8 

Sc cu Sc e' 

F li’ 


To 


Non- 

crossovers 

Single 

crossovers 

Double 

crossovers 

0 

1 ^ 

.ij 

3 

4 

5 

6 

1,2 

1,3 

1,4 

1,5 

1,6 

2,3 

2,4 

2,5 

2,6 

4664 

534 

112 

319 

689 

77 

1320 

22 

25 

55 

14 

150 

16 

22 

2 

46 


Double crossovers 

Triple crossovers 

Total 

3,4 

3,5 

3,6 

4,6 

1,2,3 

1,2,5 

1,2,6 

1 . 3,4 

1 , 3,6 

1,4,6 

2,3,6 

3,4,6 

3,5,6 

3 ^ 

I 

44 

37 

1 

I 

I 

I 

3 

I 

5 

I 

I 

8167 


stituted for one carrying hairless. Table 5 differs from table 8 in having 
a chromosome carrying dichaete substituted for one carrying both dichaete 
and hairless. 

This, then, gives the data necessary to test out the previous question. 
Is an effect on crossing over as much a part of the function of a gene 
as the character produced by it? For if the gene is not an integral part 
of the mechanism, but is simply carried along by it, it would be expected 
that a gene’s presence would have no effect on crossing over. But if 
allelomorphs are granules of varying physical characteristics in the chro- 
mosome atid crossing over takes place by the breaking of finely spun-out 
twisted threads, it would be expected that one type of granule substituted 
for another type of granule would affect the position and number of 
breaks in a chromosome, much the same as the breaking of the strands of 
a wire cable in a given place is influenced by whether German silver or 
steel occupies that place. All that is necessary is to compare the con- 
.‘tant elements of these distributions as they would have been, supposing 
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that the gene in question had not been there. To compare the cross 
dichaete heterozygous with hairless heterozygous all that is necessary is to 
reduce the distribution of table 5 to what it would have been in a cross 
Se s, k e‘ To 

neglecting dichaete and hairless as in table 9. As it 

was impossible to follow the kidney factor (ife) in the presence of rough, 
It was not counted. 


Table 9 


Formula of 
back-crossed 
female 

Reduced 

formula 

0 j 

I 

2 

3 i 

1, 2 

1,3 

2,3 

1,2,3 

Total 

Se Sa e* ro 

So Sa e* ro 

17463 

4419 

2650 

5202 

524 

1042 

126 

30 

31456 

D' 


. 

Se Sa e ro 
B 

So Sa e" ro 

1469 

381 

197 

443 

1 

39 

89 

1 

12 


2631 

H' 


I 

1 


Table 10 


Reduction of crossing over of idble p to single crossover tn each region. 


Formula of 
back-crossed 
female 

Reduced 

formula 

0 

I 

2 

3 

So Sa e* ro 

So Sa C" fo 

17463 

i 

6015 1 

3330 

1 

, 4600 

D' 1 


So Sn e" ro 
B 

Sc Sa fo 

1 

1 

1469 

1 

1 4 '>Ci 

1 

j 543 

H' j 


\ 4-*^ 

! 1 

249 

1 


Without going into further detail, the eight powssible arrangements of 
these five tables were made for the comparison of the effect of their differ- 
ent factors on the crossover ratios between the common factors. The 
measure used for this comparison was the well-known test of Pear- 
son. Since none of these were theoretically fitted frequency curves, the 
comparison was made only l>etween the non-crossovers and single cross- 
overs (obtained by summation) of each distribution. In this way the 
danger of q being small in the case of double crossovers is avoided. In 
the following table are given the results of the comparisons of these 
distributions. 

From this it is seen that even taking the greatest probability (that of 
the two curves D' heterozygous and H' heterozygous being the same), the 
odds against any of these curves coming from the same population are 
all more than three times the probable error (25 to i). The disturbance 
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Table ii 


Distributions compared 

3 

X 

' p 

•Se S» 

k 

c* ro So s» 

k 

c" ro 


1 

8.37 

Less than 

.039859 

D' 



H' 


S*i Ss 

k 

c" ro D' 

Sn 

k c* 

ro 

234.76 

1/1&^ 

D' 






So Sh 

k 

c* ro 5*0 Cu 

Sa 

k c* 

ro 

82.81 

1/10“ 

D' 




H' 


So Cu 

s* 

k C* To So 

Sa 

k 

ro 

29.94 

.000005 

ir 


H' 




So fu 

Sk 

k f* r» ^ ir 


Sh k 

c* r.. 

307.05 

1 

I/IO^ 

D' 


ir 





does not necessarily confine itself to the region occupied by the gene, as 
a study of the distributions will show. It may be anywhere and its effect 
may be more or less pronounced. In general, however, the effect is not 
as great as that of the previously found modifiers for crossing over. 
From this it follows that each gene has been accompanied l>y a distur- 
bance in the crossing-over mechanism. This disturbance, it seems to me, 
may be due to the difference in the strains and stresses set up in the 
chromosome by different types of particles. 

The essential conclusions to l^e drawn from this section of the work is 
that only those experiments containing as nearly as possible the same 
Irenes can be used in any critical study of crossing over and that the 
amount of crossing over between two fixed genes is a variable quantity, 
depending on the genes which are present. This does not mean that the 
crossing-over ratio is not a good means of measuring the position of the 
factors in a chromosome, it merely means that the scale from experiment 
to experiment may vary. Thus we should carefully consider the factors 
present in every experiment. 

DOES FOOD OR SEASON INFLUENCE CROSSING OVER? 

To test this, it becomes necessary to divide our records (table D) at the 
places where a change of food occurred. The distributions resulting may 
then be compared by means of the previously described test, for simi- 
larity. Table 12 gives the distributions and the with the resulting 
probabilities that the various distributions can come from random sam- 
]>ling. Thus the x^ value of 9.78 obtained by the comparison of the dis- 
tribution resulting from the use of fermented banana and of a starch- 
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sugar mixture for food indicates that once in 22 such trials as good or 
worse a fit would be expected. 


Table 12 



! ^ 

! 

I 

2 

3 

4 

Total 

Distrilni- 

tions 

compared 

3 

X 

P 

Fermented banana 

I 

4456 

866 

744 

779 

1691 

8536 

I & II 

9.78 

.045 

Starch-sugar ( 

II 

4944 

1009 

922 

959 

1824 

9658 

II & IH 

5.78 

.219 

mixture | 

III 

5797 

1193 

962 

1132 

2159 

11244 

I & III 

6.91 

1 

.147 


This gives a fair chance that all three curves are samples from the same 
population as would be expected a priori. The second and third distribu- 
tions are the much better-fitting divisions. From this it may he con- 
cluded that the food used has little or no effect on crossing-over. Since 
the divisions may also represent divisions for different seasons, it fol- 
lows from this that seasons have little or no effect on crossing over unless 
one takes the doubtful stand that the effect of food and season exactly 
counterbalance each other. 

CROSSING OVER IN RELATION TO MODIFYING FACTORS 

It is too obvious to require experimental demonstration that modify- 
ing factors for crossing over Avould influence in a marked way the data 
obtained for crossing over in a large number of females where such modi- 
fying factors were present. 

In an earlier section of this pai>er it has been shown that such a 
crossing-over disturbance does occur when known and accompanying 
unknown genes are introduced between fixed points. Now, it is con- 
ceivable that there are unknown genes in any cross which may cause 
crossing-over disturbances and will be distributed unevenly in the female 
whose offspring are counted. This uneven distribution will make the 
results from such a cross heterogeneous. The test of whether or not the 
material to be used in the succeeding study of crossing over is homo- 
geneous will be dealt with in this section. 

If we select only the females giving the lowest total percent of cross- 
ing over in the chromosome in question, we should lower the percent of 
crossing over if modifying factors are present. Such a selection experi- 
ment has been performed, the selection continuing for six generations 
of strictly brother-and-sister matings. In some respects these data are 
unsatisfactory. The chief difficulty lies in the few individuals that it was 


Genetics 4 : My 1919 



220 


JOHN WHITTEMORE GOWEN 


possible to include in a given generation. In this way a large individual 
variation is possible which may in some cases obscure the results. How- 
ever, taken as a whole, I think it will be found to answer the question, 
for the constants are rather uniformly the same in showing no effect of 
selection. 

The material chosen for this selection experiment was the cross, male 
homozygous for sepia, spineless, kidney, sooty, rough, mated to a female 
heterozygcnis dichaete and sepia, spineless, kidney, sooty, rough. This 
cross is chosen as it is to be the cross used in the study of the mechanism 
of crossing over which is to follow. The reductions of the data to their 
means and correlations for each given generation are tabulated in 
table 13. 


Table 13 


Generation 

I 

1 

2 

3 

4 

s 

Mean total of crossing over 

37.97±.970 

47.81 ±1.274 

49.67^1.929 

49*03 ±1.272 

SS-7S±i.oc> 



I and 2 I 2 and 3 

3 and 4 j 

Parent-and-offspring correlations | 

I .I033±.I423 1 .1595^*1756 

.336 o±.i 348|' 


A like experiment has been made for selection of females with high 
- percent of crossing over; the results are seen in table 14. 

Table 14 


Generation 

I 

2 

3 

4 

5 

6 

Mean 

S8.07± 1.150 

Sl.S2±i.7i7 

52.57i.s87 

49.8 s± 2.769 

5 i.i 6±.929 

54.8o±2. 













It is evident from this data that while the probable errors are large, the 
data are in accord in showing no effect of selection. This is even more 
striking when one considers the individual pedigrees where one generation 
may jump to the other extreme from its parent. 

In this connection, it seems to me especially instructive to compare the 
correlations obtained by MacDowell (1917) during his selection experi- 
ment with those we have here. After selection had been continued for 
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more than fifty generations, the parent and offspring correlations in one 
set of experiments for the bristle number were — 0.1436 for the males and 
— 0.1378 for the females, or correlation of about the same magnitude as 
those in the experiment given above. Thus we see that in actual magni- 
tude the correlations are about the same size for our experiment as those 



for an experiment carried on for some fifty-four generations where it 
was shown that selection had no appreciable effect after the first six 
generations. It seems a justifiable conclusion to be drawn from the above, 
the origin of the stock from a single pair, and the subsequent long in- 
breeding, that the records are homogeneous and without heterozygous 
modifying factors for either reduction or increase in crossing over. The 
crossing-over mechanism is, then, working in a system of events con- 
trolled only by the mechanism used in crossing over for the particular 
set of factors. 

ON THE RELATION BETWEEN NUMBER OF OFFSPRING AND VIABILITY OF 
THE FACTOR COMBINATIONS USED 

As an explanation of the difference of expected from obtained ratios 
in some crosses, the hypothesis of differential viability has been proposed. 
This is on the face of it a legitimate hypothesis for such results, as it is 
known that some combinations of factors are less viable than others. 
Now, in a bottle of a large number of flies, where crowding takes place, 
it is an easy step to consider that in the competition more of the less 
viable combinations of factors die. Since this cause might be a disturbing 
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influence in the ratios obtained in these experiments, if one combination 
of factors were less viable than another, it becomes necessary to test for 
disturbances of linkage due to inviability. If it is considered that the 
number of flies produced by a bottle is a suitable measure of its condition, 
then if there is a disturbance of the linkage due to the viability in any 
given combination with variations in food or crowding, it would be ex- 
pected that the ratios obtained for such bottles would be correlated. If 
we find no such correlation it is justified to conclude that no such dif- 
ference in viability of factors remained unbalanced in our experiments. 
Table 15 shows the correlation for the given combinations of factors 
and the bottle output. 


Table 15 


Region | 

Correlation 

Region 

Correlation 

I 

.0670 ± .0433 

1 3 

.U15 ± .0429 

2 

—.0622 ± .0433 

I, 4 

.0299 ± .0434 

3 

.1174 ± .0429 

2 , 3 

—.0410 ± .0434 

4 

,0275 ± .0434 

2, 4 

—.0658 ± .0433 

I, 2 

.0119 ± .0434 

3 , 4 

—.0436 ±: .0434 


Thus it will be seen that only in two cases does the correlation run as 
high as o.i. Even this is only slightly above two times the probable er- 
ror and therefore cannot be considered as significant. We may conclude 
with safety, then, that in no combination of factors which resulted from 
the crosses that were used did unbalanced differential viability exist. 

The general conclusions which may be drawn from the first part of 
this paper are : 

1. Crossing over between two fixed points is highly variable both rela- 
tively and absolutely. 

2. A change in genes between two or more fixed points in the third 
chromosome may be accompanied by a slight disturbance of the crossing- 
over ratios between these fixed points. 

3. The food used had no effect on crossing over. 

4. It is highly probable that there were no unequally distributed modi- 
fying factors for crossing over at work in our data for the back-crossed 
females heterozygous for dichaete and sepia, spineless, kidney, sooty, 
rough, to be used for the critical study of crossing over in the succeeding 
section. 

5. There is no effect of unbalanced differential viability resulting from 
any of our combinations of factors. 
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ON THE RELATION OF CROSSING OVER TO POSITION 
In any study of the crossing-over mechanism an adequate analysis of 
the problem must include a knowledge of the relation between the total 
crossing over in one part of the chromosome and the total crossing over 
in the remaining regions. Toward the solution of this phase of the 
problem the data in table D (page 243) have been collected. The cross 
of a homozygous sepia spineless kidney sooty rough male mated to a 
heterozygous female sepia spineless kidney sooty rough on one side, 
dichaete on the other, is the same as that used in our selection experi- 
ment where the stock was shown to be free from factors modifying the 
crossing-over ratios. For want of space the formed correlation tables 
have been omitted. All correlation coefficients have been calculated by 
the usual formula, 


The problem presents some difficulties as the above formula does not 
give the true correlation as uninfluenced by other associated variables. 
For obtaining these it is necessary to resort to the use of partial correla- 
tions. The fundamental correlations are shown in table 16 with their 
probable errors calculated by the help of the tables edited by Pearson 

(1914). 

Table 16 

Coefficients of correlation for total crossing over in the different regions of the chromO’- 
sotne, together with those for number of offspring. 


Section 

Coefficient 

of 

correlation 

Section 

Coefficient 

of 

correlation 

I and 2 

0.7136 ± .0213 

2 and 4 

0.5985 ±: .0280 

I and 3 

0.7888 ±: .0164 

2 and T* 

0.6628 ± .0244 

I and 4 

0,7426 ± .0195 

3 and 4 

0.7410 ± .0196 

I and T^ 

0.8108 ± .0149 

3 and T 

0.8335 ±: .0133 

2 and 3 

0.6761 ± .0236 

4 and T 

0.8782 ± .0100 


♦ T stands for the total offspring output per female. 


In every case the correlations are high and many times their probable 
errors. This table furnished us the material for calculation of the corre- 
lations between the different regions when the effect of difference in num- 
ber of offspring per mating, on the correlation between two given chro- 
mosome regions, is eliminated through the use of partial correlations. 
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Table 17 

Partial correlations deduced from table 16, 


Regions 

correlated 

Partial correlations 
(Total constant) 

I and 2 .T 

.4019 ± .0365 

I and 3 .T 

.3492 ±: .0382 

I and 4 .T 

.1093 .0430 

2 and 3 .T 

.2988 ± .0396 

2 and 4 .T 

.0458 ±: .0435 

3 and 4 .T 

.0341 ± .0435 


The correlations range from 0.4019 to 0.0341, from nine times the 
probable error to insignificance. An interesting relationship is apparent 
in this range of correlation. Considering any given region correlated 
with the remaining regions, the algebraic value of the correlation co- 
efficients is greatest for the first left-hand region and diminishes toward 
the right hand. This is clearly brought out in table 18, together with the 
diflPerences and their probable errors calculated by the usual difference 
formulae. 


Table 18 

Correlation and differences for the single crossovers of successive chromosome 

segments. 


Regions 

Coefficient 

of 

correlation 

Difference 

Regions 

Coefficient 

of 

correlation 

Difference 

I and 2 .T 

.4019 


3 and I .T 

.3492 


I and 3 .T 

.3492 

.0527 ± .0528 

3 and 2 .T 

.2988 

.0504 ±: .0550 

I and 4 .T 

.1093 

.2399 ± .0575 

3 and 4 .T 

.0341 

.2647 ± *0584 

2 and I .T 

.4019 


4 and I .T 

.1093 


2 and 3 .T 

.2988 

.1031 ± .0539 

4 and 2 .T 

.0458 

.0635^.0611 

2 and 4 .T 

.0458 

•2530 ± .5876 

4 and 3 .T 

.0341 

.01 17 ±.061 5 


The significance of these differences becomes apparent by a com- 
parison with their probable errors. In each case the relation of the 
crossing over between the i and 3, 2 and 3, and 3 and 2, with the 
fourth I and 4, 2 and 4, and 3 and 4, is quite significant. The other 
values do not have such great significance, some of the greater dif- 
ference in the case of the fourth region may be due to its greater 
length. The consistency of the relationship leads one to suspect that 
it is more than chance, even though the differences are not great in 
comparison with the probable errors. 
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The fact that all of the eight differences between adjoining sec- 
tions arranged in order from left to right are positive when the like- 
lihood a priori is equal, as to whether any given difference shall be an 
excess or defect, is greatly in favor of the view that this is not a chance 
relationship, but is one brought about by some inherent cause in the 
mechanism of crossing over. Taken at its face value, this graded scale 
of correlation means that the conditions in a given female favorable to 
a given grade of crossing over in the first region is in a less degree favor- 
able to crossing over in the second region and to a still less degree to 
crossing over in the regions to the right of the second. 

It is further brought out that the distribution of the single crossovers 
for the different segments of the chromosome is by no means a random 
sample. They are associated variates. This conclusion is important in a 
number of ways. The chief among these is that in treating any expec- 
tation for double crossovers as the product of the single crossovers, 
either as just the single observed crossovers or as the single crossovers 
obtained by summation, we are committing a grave error. The error 
lies in the fact that we do not take into consideration that they are in gen- 
eral correlated variates. 

Because of the importance of this correlation and to further test its 
generality another experiment was performed, using a larger number 
of factors. The cross used for this was a male homozygous for sepia, 
curled, spineless, kidney, sooty, rough, mated to a female heterozygous 
for dichaete, hairless on one side, and sepia, spineless, kidney, sooty, 
rough, on the other. It is realized that this distribution is not compar- 
able with the preceding one, yet should the mechanism of crossing over be 
the same, the manner of crossing over in the two cases should be alike, 
even though the absolute values were different. 

The correlations for this cross are given below. It is realized only 
too keenly that they are based on rather small numbers ; as measured by 
the standard of the probable error, however, they are significant. Not 
only that, but taken in consideration with the preceding data it is be- 
lieved as greater numbers are gathered that the correlations will remain 
practically the same except for a little tendency to smooth. Table 19 
gives the correlation for the successive regions calculated from the un- 
grouped frequencies by the use of the ordinary formula. 

By examination of this table it is seen that it substantiates a former 
conclusion that the crossing-over values for various sections of the 
chromosome may be, and generally are, cdrrelated variates. This corre- 
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Table 19 

Coefficients of correlation for the successive regions of the third chromosome. 


Section 

Coefficient 

of 

correlation 

Section 

Coefficient 

of 

correlation 

s* D' and D' Cu* 

0.5792 ± .0677 

Z>' Cu and c. 

0.0640 ± .1004 

s* D' and ca Sa 


Cu Sa and sa H' 

0.1945 ± -0969 

Sa £>' and sa H' 

04440 ± .0809 

Cu sa and H' e* 

0.2752 ± .0932 

Sa D' and 

—0.0070 ± .1003 

Ctt Sa and c« 

0.2023 ± .0967 

Sa Z>' and 

0.1920 ± .0971 

Sa H' and H' c* 

—0.2003 ± .0967 

D' Cu and Cu s. 

0.2224 ± .0958 

Sa H' and c" 

o.ii94± .0994 

D' Cu and Sa H' 
£>' du and H' e* 


H' c" and c* ro 

—0.2364 ± .0952 


*The total number of offspring for each section held constant by the method of 
partial correlations. 


lation runs as high as 0.5792 and drops to — 0.2364. The correlation for 
the H'e‘ distance is seen in most cases to be abnormal. This is probably 
due to the fact that the ratio for crossing over of this section is rather 
small in absolute magnitude and since there are only a few crossovers ex- 
pected with the number of individuals small, the crossing-over values are 
subject to considerable variation. For this reason where more individuals 
are included in the data this discrepancy will straighten out and fall in 
line with the observations previously made. This conclusion is justified, 
it is thought, for when the data are plotted the curve of the successive re- 
gional correlations of the smaller series onto the curve of the successive 
regional correlations for the larger series of data, the curve of the larger 
series is seen to bisect the fluctuations of the smaller series as would be 
expected if they were samples of like populations governed by the same 
mechanical laws. Thus, barring the slight modifications of the double- 
crossover values caused by the kind of intermediate factors present, in 
general the relationship previously established is seen to hold. 

Thus, there is a correlation between the crossovers in a given regpon 
and the crossovers in successive regions. In general, this relation between 
crossing over in the various regions is greatest between the rd^ion toward 
the left-hand end of the chromosome and the region under consideration. 
That is, high crossing over in region BC is more likely to be correlated 
with high crossing over in AB than in the region of CD. 
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ON THE RELATION BETWEEN CROSSING OVER IN ONE REGION AND 
CROSSING OVER INCLUDING TWO REGIONS AT A TIME 

The question having most immediate bearing on the mechanism of 
crossing over is : What is the relation between crossing over in one re- 
gion and crossing over including two regions at a time, for the successive 
segments of the chromosome? The importance of the question lies in 
the fact that if it can be shown that the value of the double crossovers 
falls in the ordinary cocked-hat frequency curve, it indicates that there is 
a definite modal length for maximum amounts of double crossing over. 
Such a modal length is accounted for by the twisting hypothesis of 
crossing-over as due to the chromosome threads lying across each other 
in loose twists during the stage at which crossing over takes place. If it 
can be shown that the double crossing-over ratios do rise and fall for 
each of the successive segments of the chromosome studied, it not only 
strengthens the twisting hypothesis, but puts the only other existing 
hypothesis of reduplication in the forced position of adopting another 
co-hypothesis to account for the fact, as has been shown in the previous 
discussion of the theory. To make a study of the crossing-over relation- 
ship secure and to be sure that our deductions are not based on a false 
groundwork, it is necessary to carefully consider how the experiment is 
performed. All factors that are to be compared should be put together in 
the same experiment and only data known to be alike in modifying fac- 
tors used. Such data are at hand in the data on back-crossed females 
contained in our records for the back-crossed female sepia, spineless, 
kidney, sooty, rough, on one side, the dominant dichaete on the other, as 
has been shown by the previous parts of this paper. Before beginning 
the mathematical analysis of the data it may be well to consider some 
general aspects of the material as presented. There is one difficulty 
which must be taken into consideration when considering all measure- 
ments containing the region that is, this region is about twice the 
Y^ue of the other regions under consideration. Unfortunately, it was 
iilH^sible to get this region broken up into smaller parts, for as yet 
no^^^ll^actor is known to occupy this region. This high ratio of 
crossing OTer means that if the length of the double crossing over is of a 
value such that the two extremes of the long e^Yo region fall so as to in- 
clude two segments, the data will have a bimodal distribution and our ob- 
served correlation will have a distorted value. This possible distortion 
should be kept in mind when considering the data, and in general the main 
conclusions should rest on observations of the shorter distances. 
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The first difficulty confronted is the fact that the single crossovers in 
the various regions of the chromosome are correlated variates partly 
dominated in their position of breaking by some such cause as the plasma 
surrounding them. Thus it becomes necessary in a critical experiment 
to determine the mode of distribution of the breaks in a chromosome, to 
keep the single-crossover correlations constant throughout the length of 
the chromosome in females used in the experiment (constant with regard 
to its quality to influence double crossing over). Since the influence of 
this relation has been measured by the correlations of the different regions 
of the chromosome with one another, a mathematical universe may be 
formed to measure the double crossovers as they would have occurred in 
an experiment where the surroundings of the chromosomes are constant. 
In other words, in this way the obstacle of differential single crossing over 
as regards the various regions of the chromosome is removed. When this 
is done it is possible to measure the relation that exists in the double 
crossovers of the successive regions of the chromosome, knowing that it 
is only the effect of the chromosome mechanism that is studied. 

To the end of establishing such a universe, it is necessary to obtain 
the relationship between the successive regions of the chromosome for 
double crossing over as they occur in a universe affected by the correlation 
of the single crossovers for the different regions. To this end the data 
given in table 20 were collected. 


Table 20 

Correlations between single and double crossovers and number of offspring per mating. 


Doubles 

Region i 
correlation 

Region 2 
correlation 

Region 3 
correlation 

Region 4 
correlation 

Total 

offspring 

If 2 

0.5578 ± .0300 

0.6336 .0260 

0.4421 ± .0350 

0.3634 — .0378 

0.3857 It .0371 

1,3 

0.7724 ± .0176 

0.6239 ± .0266 

0.7073 ± .0218 

0.5640 ± ,0297 

0.6180 ± .02^ 

1,4 

0.6483 ± .0253 

0.4804 ± .0335 

0.5730 ± .0292 

0.6202 ±. .0268 

0.6224 ± .0267 

2,3 

0.179s ~ *0421 

0.3572 ± .0380 

0.3285 ± .0388 

0.137s .0427 

0.1734 ± .0422 

2,4 

0.4810 ± .0335 

0.6258 ± .0265 

0.4472 ±: .0348 

0.4907 ± .0330 

0.4249 ± .0357 

3,4 

0.4220 ± .0358 

0.4269 ± .0356 

0.5336^.0311 

0.4489 ±.0348 

0.3830 ± .0372 


Before tabulating the constants which will be necessary to the final 
study, the establishing of the linearity of regression for the tables from 
which the fundamental correlations of table 16 and table 20 have been 
deduced, is necessary. The constants to determine this are given in 
table 21. 
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Table 21 

Criteria for linearity of regression. 


Characters 

correlated 

r 

V 

rj-r 


1 

T and I 

.8108 ± .< 149 

.8275 It .0137 

.0167 

.328^0- 

.0274 It .0143 

T and 2 

.6628 ±: .( 244 

•6733 ^ .0238 

.0109 

. 2353 <T 

.0140 It .0102 

T and 3 

.8335 ± .c 133 

.8439 ± .0125 

.0104 

.261 1(T 

.0173 It .0114 

T and 4 

.8782 it .C 'OO 

.8847 ± .0094 

.0066 

.21270- 

.0115 ± .0093 

T and i, 2 

.3857 ± .0.171 

.4085 It .0363 

.0228 

.26740- 

' .0181 ± .0115 

T and i, 3 

.6180 ± ,0169 

.6563 ± .0248 

.0383 

.40190- 

.0488 ± .0187 

T and i, 4 

.6224 ± .0:67 

.6394 It .0258 

.0172 

.29930- 

.0227 it .0123 

T and 2, 3 

.1734 It .0<22 

.1971 ± .0418 

.0237 

.18620- 

.0088 It .0081 

T and 2, 4 

.4249 ±.03 57 

.4436 ± .0350 

.0187 

.25320- 

.0162 It .0109 

T and 3, 4 

.3830 ± .03 72 

.4008 It .0365 

.0178 

.23470- 

.0140 It .0102 

I and 2 

.7136 ± .02 13 

.7307 It .0203 

.0172 

.27220- 

.0247 It .0135 

I and 3 

.7888 It .01(14 

•7993 ± .0157 

.0105 

.22410- 

.0167 ±: .0112 

I and 4 

.7426 ± .0195 

.7472 tl .0192 

.0046 

.I 437 t^ 

.0069 .0072 

I and I, 2 

.5578 ± .03c 0 

.5752 It .0291 

.0174 

.24380- 

.0197 ± .0121 

I and I, 3 

.7724 ± .01; 6 

.7788 It .0171 

.0064 

.17300- 

,0099 It .0086 

I and I, 4 

.6483 ± .025 3 

.6728 It .0239 

.0245 

.31230- 

.0324 ± .0154 

I and 2, 3 

.1795 ± 042 1 

.2227 It .0414 

■0431 

.22880- 

.0174 di .0113 

I and 2, 4 

.4810 ± .033;, 

.4920 ±: .0330 

.0110 

.I 797 tr 

.0107 ± .0089 

I and 3, 4 

.4220 ±: .035l< 

.4796 ± .0335 

.0576 

. 39570 - 

.0519 ± .0190 

2 and 3 

.6761 ± .023(' 

.6847 It .0231 

.0086 

.16620- 

.0117 It .0094 

2 and 4 

.5985 ± .028c 

.6238 It .0266 

.0253 

.27020- 

.0309 ± .0150 

2 and I, 2 

*6336 ± .026c 

.6647 .0243 

.0211 

.30860* 

.0404 It .0171 

2 and I, 3 

.6293 ± ,0266 

.6580 It .0247 

.0341 

.32130- 

.0437 ± .0177 

2 and I, 4 

.4804 ± .0335 

.5289 It .0314 

! .0485 

. 33990 - 

.0490 ± .0185 

2 and 2, 3 

.3572 ± .0380 

.3724 ± .0375 

.0152 

.l6l8or 

.0111 It .0091 

2 and 2, 4 

.6258 It .0265 

.6358 ± .0259 

.0100 

.i 725 or 

.0126 It .0097 

2 and 3, 4 

.4269^.0356 

.5018 it .0326 

.0749 

.40520- 

.0690 ± .0217 

3 and 4 

.7410 di .0196 

.7483 It .0192 

.0073 

.17820- 

.0109 It .0089 

3 and I, 2 

.4421 It .0350 

.4608 It .0343 

.0187 

.22200- 

.0169 It .0112 

3 and i, 3 

.7073 it .0218 

.7161 it .0212 

.0089 

.19120- 

.0125 it .0097 

3 and I, 4 

.5730 It .0292 

.6000 it .0279 

.0270 

.304O0- 

.0317 ±: .0152 

3 and 2, 3 

.3285 It .0388 

.3618 ±. .0378 

.0333 

. 2493 or 

.0230 ± .0124 

3 and 2, 4 

.4472 ± .0348 

.4632 It .0342 

.0160 

.20630- 

.0146 ± .0104 

3 and 3, 4 

•5336 ± .0311 

.5584 ± .0291 

.0247 

.28130- 

.0271 it .0139 

4 and I, 2 

.3634 ± .0378 

.3966 It .0367 

.0332 

.22290- 

.0252 It .0135 

4 and I, 3 

.5640 It .0297 

.5857 ± .0286 

.0217 

.2873(7 

.0249 ± .0135 

4 and i, 4 

.6202 ± ,02^ 

,6459 — -0249 

.0257 

.25330- 

.0325 It .0157 

4 and 2, 3 

.1374 ± .0427 

.1846 It .0420 

.0471 

.I 730 (r 

.0152 ± .0106 

4 and 2, 4 

.4907 .0330 

.5133 .0321 

.0226 

. 2114(7 

.0227 ± .0129 

4 and 3, 4 

.4489 ± .0348 

.4837 ^ .0333 

.0348 

. 2530(7 

.0325 ± .0153 


It will be remembered that a regression to be linear mpst have the 
constants 17 — — r* and equal to zero within the limits of random 
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sampling. To obtain these, two new constants must be derived. The cor- 
relation ratio is obtained by the fomula 



where is the standard deviation of the weighted means of the y 
arrays about the mean of the population. S„, the square root of the mean 
square deviation of the means of the arrays from the regression line, is 
derived the formula 

due to Pearson (1905). The probable errors oirf — are calculated 
by the method of Blakeman (1905). 

The net result of the study of table 21 shows that all the tables on 
which our correlations are based have the regression lines linear. In no 
case is the value of the constant j;* — r greater than three times its 
probable error. 

The point of linearity of regression established, we may now return 
to table 20. From these constants the singular partial correlation co- 
efficients where the total offspring output per female is held constant, 
have been tabulated in table 22. 


Table 22 

Partial correlation coefficients for total single and total double crossing over in the 

third chromosome. 


Doubles 

Singles: Region i 
correlation 
Partial correlations 

Region 2 
correlation 
Partial correlations 

Region 3 cor- 
relation, Par- 
tial correlation 

Region 4 cor- 
relation, Par- 
tial correlation 

I, 2 .T 

04 S 39 ± -0346 

0.5471 ± 0305 

0.2365 ± .0411 

0.0560 ± .0434 

I, 3 .T 

0.589s ± .0284 

0,3640 di: .0378 

0.4423 ± .0350 

0.0564 ± .0434 

I. 4 -T 

0.3136 ± .0393 

0 ,IISS ± .0430 

0.1271 ± .0429 


2, 3 -T 

0.0676 ± .0433 

0.3286 ± .0388 

0.3352 ± .0386 

—0.0313 ± .0435 

2, 4 -T 


0.5077 .0323 

0.1860 ± .0420 

0.2714 ± .0403 

3 , 4 -T 


0.2501 ± .0408 


0.2547 ± .0407 


Study of this table reveals a general tendency on the part of crossing 
overinregionii, when correlated with doubles including region i, to rise 
to a high point and then to decline from this point to the end of the 
chromosome. The same general tendency will be seen when region 4 is 
correlated with the successive doubles including 4. That is, the correlation 
rises to 2, 4, then declines toward 1,4. In the middle of the chromosome 
both regions have their high correlations at the end of region i. Thus it 





Singular partial correlation coefficients for table 22 {second order). 
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is seen that the relation of double crossovers to the regions surrounding 
them forms curves, the crest of the curves occurring between 20 and 30 
units. 

But there are discrepancies in the high point of this curve. It will be 
noticed that there is a significant correlation between region i and the 
double including regions 2 and 4. In the same way, 2 is correlated with 
j, 3 and 3 with i, 4 significantly as measured by its probable error. 
These correlations would not be expected, and the question arises as to 
what they are due. 

We have seen that the single crossovers in the various regions are cor- 
related variates in which the correlation is most pronounced between ad- 
jacent regions. If, then, crossing over in region l has a sufficiently high 
correlation with crossing over in region 2, it would be expected that 
double Crossing over including region 2 would also be correlated with 
region i. To test this hypothesis for this case and the similar cases as 
given above, it is necessary to form the previously described universe, in 
which the correlation between the two continuous variables i and 2, 4 for 
a constant value of a third variable i and 2 is determined, where all 
values of the offspring are held constant. The measure of such a cor- 
relation has been termed the singular partial correlation by Pearson 
(1914). 

The values for the successive singular partial correlation coefficients 
(second order) for the above data are given in the table below in which 
the terms held constant are separated from the correlated term by a dot. 

For the complete analysis of the problem the third-order singular par- 
tial coefficients needed are given in table 24. 


Table 24 

Singular partial correlations for table ^3 {third order). 


Double 

•Singles 
region i 

Double 

Singles 
region 2 

2, 3 -2X3 

—0.0845 .0432 

1.3 -1X3 

0.1223 ± .0429 

2, 4 .2T4 

0.0421 ± .0435 

1, 4. 1X4 

—0.0123 It .0435 

3,4 -3X4 

0.0442 It .0435 

3. 4 -3X4 

0.1834 ± .0421 


Double 

Singles 
region 5 

Double 

Singles 
region 4 

1,2 .1T2 

0.0124 ± .0435 

1 , 2 . 1X2 

0.0070 ± .0435 

i, 4 .iT 4 

0.0124 ± .0435 

1. 3. 1X3 

0.01 19 ± .0435 

2,4 .2T4 

0.0371 ~ .0435 

1,4 .1X4 

0.0169 ± .0435 
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A study of these tables shows that where before a significant correla- 
tion was observed between singles in one region and doubles not includ- 
ing this region as one of the breaking segments when coefficients of 
the first order were used, now a significant correlation is present only 
when the double also includes the single as one of the breaking segments. 
Thus the previous hypothesis to account for these discrepancies was cor- 
rect. Two double crossovers correlated with a given region may have a 
significant correlation with that region due to their both being correlated 
with a third region. 

The last difficulty in the study of the data at hand for the purpose of 
determining how double crossovers are related to the various regions of 
the chromosome is removed. The correlations of table 23 show that 
double crossing over, including region i, is not distributed at random, but 
is more apt to have a second simultaneous break in region 3 than in any 
other, the difference in this case running as high as seventeen times the 
probable error. 

Each of the end regions exhibit that rise in the relationship in the 
middle of the chromosome which, as has been previously pointed out in 
the first part of the paper, would be expected on the basis of the twisting 
hypothesis where there was a definite ratio of twist. These waves rise 
rather sharply to the mid-point and drop off rapidly in the other direction. 
The relations of region i to double crossing over including the other suc- 
cessive regions is that best suited to bring out this rise, for, as has been 
previously pointed out, the region i is so short that twists of the same 
length cannot extend into either of two regions. This, then, forms the 
best test of the hypothesis of twisting to account for crossing over versus 
any other hypothesis which calls for the distribution of crossovers at ran- 
dom. Region i correlated with the successive doubles rises sharply to 3 
and falls rapidly to 4. Region 4 rises to 2 and falls to i. The rise and 
fall in 4 is less rapid, due to its being so long a segment that it enables a 
twist falling within its bounds to fall in either of two regions, depending 
on whether or not its first break is near one end or the other, still even in 
this the mode is marked. The mid-regions also exhibit a rise toward the 
ends as would be expected, although as the number of factors is too few, 
no mode appears. This high point and this drop may then represent a 
twisting taking place about every 20 to 30 units in the third chromosome. 

If these correlations are considered from the point of view of the redu- 
plication theory to account for the interchange, what is it necessary to 
consider? Not only does the rise and fall of the correlation have to be 
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taken into account but also account has to be taken of the whole correla- 
tion, for no correlation can be expected on the reduplication theory as pre- 
viously shown. Correlations have then to consider nothing, even when 
ranging from twenty-four times the probable error to those four times the 
probable error. The odds against this being accidental are enormous. It 
may then be said that the twisting hypothesis for crossing over accounts 
for the facts remarkably well, while the reduplication theory accounts for 
them not at all. Consequently, the experimental facts here deduced in 
carefully controlled and analyze^ experiments indicate crossing over to 
take place between loosely twisted, finely spun-out chromosome threads 
with between 25 and 30 units as the modal distance between successive 
crossovers. Because of the uneven intervals and the inaccuracy of the 
moments calculated from them due to the few classes on which they 
would have to be based, it is not the purpose of this paper to treat the 
frequencies other than by the use of correlation coefficients. It is, how- 
ever, of interest to try the moment calculation for the position of mode 
for the best suited of these classes for analysis. The approximate ratio 
between the two twists when calculated for the sj)' region by the formula : 

iMsCr — 2)15 


position of the mode == mean — 


is shown to be at 


2/42(4 + 2) 

26.24 units, considering each class as distributed around the mid-ordinates 
(an hypothesis obviously untrue, but giving the best approximation to the 
true value which it is possible to obtain since the true mean of each 
class is not known). The use of the above formula for the mean is justi- 
fied, as the curve is shown to be t)q)e IV by / 3 i =+.057 and ^^+ 68 .^ 1 ^. 


DISCUSSION 

The geometrical interpretation put upon the rise and fall of the double- 
crossover frequencies may seem rather speculative in character. It is, 
however, I venture to think, supported by a good deal of strong evidence. 
Since the idea that the chromosomes are the bearers of the determiners of 
hereditary characters was put forward by Weismann and Roux and 
applied to Mendelian inheritance by Sutton, there has been an ever in- 
creasing amount of evidence collected that it is to the chromosome we 
must look for the mechanism of heredity. As a basis for this conclusion 
the studies of Stevens and Wilson have shown the parallel between sex 
and the behavior of a chromosome pair. This was followed by the work 
of Morgan, showing that this parallel included the so-called sex-linked 
factors as well as sex. As direct evidence, we may draw first on that of 
Boveri on multipolar mitosis, of Baltzer on reciprocal crosses of sea- 
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urchins and that of Herbst (1909) and Godlewski (1911) on partheno- 
genesis and fertilization. Further evidence comes from the work of 
Lutz (1912), Geerts (1911) and Gates (1907, et seq,) in the study of 
Oenothera mutants. With all, perhaps the most brilliant piece of evi- 
dence is that of Bridges (1916) where proof is given that the sex chrom- 
osomes bear the sex-linked factors ; for here by cytology and genetics he 
can follow the course of the sex-chromosomes and of the factors carried 
thereby. These names do not exhaust the list of those who have added 
materially to the proof that the chromosomes are the bearers of the 
hereditary characters, yet it seems to me that these constitute as complete 
a chain of crucial experimental evidence as would be required by the 
most rigorous logic, consequently the conclusion will not be crowded by 
presenting more. Should it be granted, however, that this does consti- 
tute proof, it requires that all hypotheses to account for the interchange 
of linked or coupled factors shall rest on the chromosome; it requires 
that the reduplication hypothesis shall segregate its genetic ratios through 
the agency of the chromosomes. 

If other evidence is taken purely from the experimental side of genetics 
and consideration be given to Sturtevant's (1914) criticism, the re- 
duplication hypothesis in what Trow (1912) and Bailey (1913) have 
shown to be the general mathematical relations of its gametes, it is found 
that it is doubtful if reduplication is able to explain even the ratios that 
are obtained. Thus in the case of Trow’s special hypothesis Sturte- 
VANT shows that in every case the calculated is greater than the observed 
ratios. The difference is significant in every case and in the same direc- 
tion. Further, Sturtevant shows that if the general hypothesis is used 
the number of cell divisions required are at hopeless variance when con- 
sidered with the possible divisions. It may then be said that deduction 
from the theory leads to a poor agreement between this theory and fact. 

The students of genetics who use the linkage hypothesis to explain 
their ratios have some evidence to show that the linkage hypothesis is 
also applicable to the same forms on which the reduplication hypothesis 
is based. Bridges (1914) has shown that in the experiments of Pun- 
nett (1913) on sweet peas and Gregory (1911) on Primula the linkage 
hypothesis is at least applicable. Unfortunately, Bridges used as his 
measure of linkage the coefficient of association of Yule, which is in 
itself of rather doubtful value as a measure of relationship, as has been 
shown by Heron C1911), and Heron and Pearson (1913). Fortun- 
ately, however, the conclusions of Bridges have been justified, since we 
now have some very excellent data presented by Altenburg (1916) 
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in evidence that the linkage hypothesis can be applied to Primula. Data 
on some 3600 plants show clearly that it is exceedingly difficult to see 
how a reduplicating series can be made to fit. 

Altenburg separates his cases in which the male plants were hetero- 
zygous and the cases in which his female plants were heterozygous. There 
seemed to be quite a difference in the amount of crossing over between 
them, so I thought it might pay to test each of the classes for the likeli- 
hood of this coming from random sampling. The table |5 shows the 
result of this test. 

Table 25 



3 Hete- 
rozygous 

9 Hete- 
rozygous 

Percent 

$ 

Percent 

$ 

Difference | 

Diff.^ 
P-E- Diff. 

Non-crossovers 

1&29 

266 

55.558929 

67.807132 

12.298 ±1.716 

7.2 

First single 

1053 

107 

31.986633 

27.295914 

4.691 ± 1437 

3.2 

Second single 

32s 

II 

9.872418 

2.806122 

7.066 ±0.956 

74 

Double 

85 * 

8* 






♦Not calculated, as the value of q would be very small. 


Thus it is seen that the difference is well above three times the prob- 
able error. The range of probability that these differences came from 
random sampling are 31 to i for the 3.2 times the probable error to 
1,675,321 to I for the 7.2 times the probable error. This difference cer- 
tainly looks significant. Since all of these plants were raised under the 
same conditions and cared for alike, it would seem that crossing over in 
the female is less than that in the male due to some differential effect of 
the sex. Such a graded effect, taken in connection with the other known 
facts for crossing over, indicates that when a sufficient number of ani- 
mals and plants are known, a graded series of crossing-over values may 
be found, extending from Drosophila with crossing over only in the fe- 
male, through sweet pea and Primula with crossing over in both sexes, to 
silk-worms and probably chickens, with crossing over only in the male. 
Such a series would then duplicate the series found for the Y chromo- 
somes, although it would not parallel it. 

To return to our general theme, in discussing this paper of Alten- 
burg (1916), PuNNETT (1917) suggests that the reduplication hypothe- 
sis calls for a marked difference for the reduplicating series for the BC 

BAC bac BC be 

regions in the back crosses, X and X .* 

bac bac be be 

* “On the chromosome hypothesis there is only one set of positions which allows of ' 
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At first sight the difference in crossing over shown when different genes 
are interpolated between two fixed genes would seem to agree with this 
expectation for the reduplication hypothesis as above slated. In non-con- 
formity with the requirements of this hypothesis as stated by Punnett^ 
the total crossing over itiay be significantly increased by the presence of 
A heterozygous and be diminished in a like case where another A is 

1 I . 1 1 . c . BC be 

heterozygous as compared with the crossing over of the X 

be be 

condition. Further, the change of a factor outside the region BC may 
affect the crossing over of that region more than a similar change of a 
factor within the region itself. Let us now take the data in the tables and 
arrange two cases to conform with the needs of the reduplication hypothe- 
sis. There are several jiossible cases of this kind which could be made. 
The choice of the particular case seems immaterial, consequently let us 
confine attention to the back-crossed females heterozygous for sepia, 
spineless on one side, dichaete on the other, and females heterozygous 
for the genes sepia and spineless. For this table the data from appen- 
dix tables A, 1 ), and C are available. The data collected and so reduced 
are given in tables 26 and 27. 

two of the coupling values between three factors A, B and C to be equal, viz., when 
two loci are equidistant from the third, thui>: 

B A C 

The coupling or linkage values between A and B, and between A and C, arc here 
of the same value, but when this is so it follows of necessity that the value for B 
and C must be considerably lower than cither of the other two. If a three-factor 
case were found of such a nature that two of the values were equal and the third 
definitely higher, such a case might serve as a criterion between the two hypotheses.” 
Further, he says, “Such a case is probably to be found among Primulas in connection 
with the three pairs of characters, magenta {M) and red (r), short style (.V) and 
long style (j‘), green stigma (G) and red stigma (</)/’ Gregory and Altenburg have 
both published on these, but, as Punmett, says, “The figures” (Altenburg’s) “as they 
stand offer of course no criterion between the rival hypotheses, for the critical experi- 
ment is yet to be made. This consists in the cross between SsGg plants (ex SG X sg) 
and the double recessive ssgg, where all individuals used are homozygous for either 
M or m. On the chromosome hypothesis the linkage values should remain the same as 
those given above (where M is present in heterozygous forms) ; on the reduplication 
hypothesis we should expect to find the linkage higher, probably of the form 2SG: 
iSg: isG: 2sgA This statement has several obscure points more especially as to how 
this comparison of the two distributions is to be made. If, as the text would indicate, 
the comparison is to be between the reduplication series as applied to each set of 
data, instead of comparing the actual distribution of the data, the reasoning is in 
error for, as Sturtevant has shown that the series obtained on Trow’s hypothesis, 
alw^ays is significantly too high. In our comparison we shall, therefore, consider only 
the actual figui^§. 
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Table 26 



D' 

So Sb 

JeD' Sa 

s» 

D'sb 

So 

S^D'Sa 

N 

Table A 

3532 

3257 

381 

368 

244 

307 

27 

26 

Table D 

12758 

12357 

i666 

1583 

1260 

1507 

145 

1 196 


For table C when dichaete is not present : 

Table 27 



Non-crossovers 

Siiiffle crosso\ers 



A' 

St> 

1 s*< 

Tabic C 

968 

1153 

277 

233 


Considering only the series s^Sg which, according to Punnett’s state- 
ment of the reduplication hyix^thesis, the series of A and D should differ 
from that of C we have : 


Table 28 


% 

So Sh 

So 

Sh 

N 

Table A 

3284 

688 

612 

3558 

Best fitting scries 5 : 1 : i : 5 

3395 

679 

679 

3395 

Table D 

12502’ 

3173 

2843 

12954 

Best fitting series 4 : i : i : 4 

12589 

3147 

3147 

125S9 

Table C 

968 

277 

233 

1153 

Best fitting series 4 : i : i : 4 

1052 

263 

26.7 

1052 


None of these expected series agrees with the actual series as well as 
could be wished. Thus table A could be best fitted by a series of about 
4.6 to 1. Table C would have a better agreement between actual and 
expected, fitted with a series of 4.4 to i. This is a fundamental drawback 
to the theory of reduplication, for the search for simple series often 
obscures real differences. Thus the Primula series treated by Punnett 
(1917) leads to a theoretical distribution on Trow’s hypothesis of sec- 
ondary reduplication which could have the actual distribution observed 
in the SG series selected from it in samples of 3684 individuals each in 
not more than i in 2500 such samples. Yet the uncritical nature of the 
hypothesis led Punnett to conclude that the result is in fair accord with 
expectation. Thus in our experiment there are significant differences in 
the distributions taken as a whole, but these differences follow no rule. 
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Comparing the reduplicating series above, it is seen that they lead to 
practically the same thing; that is, 4:111:4, instead of coming to 
markedly different series as the reduplication hypothesis calls for. The 
conclusion seems forced upon us by this test of the hypothesis that the 
facts of the several factor crosses do not agree with this hypothesis, but 
that the twisting hypothesis, based as it is on the known chromosome 
behavior, does fit the facts. 

The conclusion that the reduplication hypothesis does not explain the 
several factor cases is further borne out by the fundamental experiments 
of Plough (1917). In this investigation the temi>erature effect on 
crossing-over rate enabled him to show that crossing over does not occur 
in the early oogonial divisions, and there is good reason to believe that the 
percentage of crossing over is affected by temi>erature only in the growth 
period of the egg. Thus the long series of differential cell divisions 
necessary for the formation of the reduplicating series is shown to be 
absent in actual ix)int of fact. 

Adopting the explanation that it is the chromosomes that must be 
looked to for the mechanism of crossing over, the inquiry may be made 
as to how crovssing over is brought about. Sturtevant (1913) has 
shown that it is possible to map the ix)sition of tbte factors in the chromo- 
some by crossing-over ratios. This principle has been extended and has 
been shown to be applicable to all the Drosophila chromosomes. The 
practical value of the hyiK)thesis may thus be said to be proved, and 
through the work of Morgan, Sturtevant, Bridges and Muller 
(1915) all of the chromosomes are mapped. As was pointed out in a 
preceding section of this paper, the ratios may vary, yet in no case does 
this variation affect the relative position of the factors. 

It becomes imixirtant, then, to inquire how this exchange takes place. 
The function of this paper is a specific inquiry into what the ratios of 
the double crossovers to the different single crossover regions would 
show as to this interchange. Following the ideas of Janssens (1909) 
as elaborated by Morgan (1916), Muller, Bridges, and Plough 
(1917), of a twisting of the chromosomes, although considering that 
this twisting takes place at an earlier stage and between the finer threads 
of the chromosomes, it has been possible to show that the results are 
what would be expected on the twisting hypothesis to account for cross- 
ing over. Turning more to the general asi>ects of the case, it is seen that 
this gives a strong foundation for a single mechanical explanation for 
the exchange of factors where there is only one scheme to account for 
the whole. It is not known why a fusion should take place where it 
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does or why the genes should line up along the chromosomes as accur- 
ately as they do. These are problems of the future, but they do not in 
any way influence the fact that the hypothesis of loose twisting explains 
the observed ratios for the third chromosome in so many of its intrica- 
cies, as to carry the conviction that it is much more than just a chance 
relationship. 

In conclusion, I wish to express my thanks to Prof. E. B. Wilson and 
Dr. C. B. Davenport for opportunities accorded me for research; to 
Prof. T. H. Morgan, Dr. A. H. Sturtevant, and Dr- C. B. Bridges 
for their ever-ready assistance and suggestion, and to Dr. Raymond 
Pearl for his constant interest in my work. 

SUMMARY 

This paper is a contribution toward the analysis of the normal 
fluctuating variations in crossing over as seen in the third chromosome of 
Drosophila melanogastcr. The third chromosomes of each female, as 
shown by her offspring, cross over a certain number of times. The 
variability is studied by comparing the results from different females. 
The association between the crossovers is studied by comparing the 
results within each given female. 

1. The means, standard deviations, and the coefficients of variation 
are given for the distributions of each region in this chromosome under 
discussion. The features of chief interest are the great variability of 
both single crossing over and double crossing over. The coefficient of 
variability ranges between i8 and 59 for the single crossovers and 67 
and no for the double crossovers. The actual amount of this coefficient 
is apparently dependent to some degree on the actual mean size of the 
crossing-over ratio. 

2. A table is presented to show the relative variability of crossing over 
in comparison with that. of other ph3rsiological and morphological char- 
acters. The table »shows that crossing over is one of the most highly 
variable phenomena known, indicating that the mechanism behind cross- 
ing over is not as precise as that found in most physiological studies. 

3. As a necessary preface to the analysis of the internal mechanism 
of variations of crossing over it has been pointed out that it is essential 
to know how much the ratios are influenced by external agencies. To- 
ward this end it has been shown (page 214) that to some degree the 
absolute value of the crossing-over ratio varies according to the genes 
present in the chromosome. Further, it is shown that no significant 
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effect on crossing over was produced by the food or temi>erature used or 
by the variations of season or bottle output. 

4. Since it had been shown that the crossing-over values are influ- 

enced by the known genes present, it became essential to know whether 
or not there were any modifying genes present influencing the ratios. A 
selection experiment was performed fo test this. The parent and offspring 
correlations for this experiment ranged from + 0*336 zh .135 to 
— .0211 ±; .118 for the selection for low crossing over; for high cross- 
ing over from 0.150 .248 to — 0.134 zb .191. The conclusion is 

to be drawn that there were no differences in modifying factors for 
crossing over in the experiment. 

5. In the resolution of the single crossing-over ratios into their com- 
jjonent elements it was shown that there is a significant correlation be- 
tween the crossing over in different regions. In general this difference 
])rogresses from the left-hand end of the chromosome to the right. Thus 
the correlation between region i and 2 is 0.4019 ±: .0365, between 
j and 3 is + 0.3492 ±; .0382, and between i and 4 is + 0.1039 zb .0430. 
The explanation of this difference is obscure. 

6. A relationship between single and double crossing over is shown 

to exist, such that a crossover in one region is more likely to be accom- 
panied by another simultaneous crossing over in a region 25 to 35 units 
away than it is to be accompanied by a simultaneous crossing over in any 
other region. Thus when region i is correlated with its double cross- 
over including regions 2, 3, and 4, res]>ectively, the correlations are 
+ 0.3054 zb .0395, 0.5170 zb .0319, and + 0.2997 ±; .0396. This 

rise and fall, together with a definite mode, is held to mean that there 
is a modal interval between two successive crossovers. Thus the two 
finely spun-out chromosomes, when they come together prior to crossing 
over, apparently twist about each other loosely and generally have the 
points of contact where breaking may take place about 25 to 30 units 
apart. 
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APPENDIX 


Table B 

D' s» e* r« Sh e* ro 

Cross: $ 


N 


sb e ro 



Table C 

S*> Ss C* ro Sb c" ro 

Cross: 2 X ^ 
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55 45 7 7 . 3 . . 20 21 . I 

57 51 20 12 10 6 I . 18 18 I 3 


54 40 9 9 2 6 

60 58 18 14 10 5 

38 28 14 8 4 2 

58 66 21 18 7 14 

39 31 13 13 2 4 

66 40 12 10 4 15 

87 58 21 II 99 

17 20 7 2 2 I 

18 16 5 2 . I 

39 27 13 9 4 4 

38 29 8 9 . 5 

27 21 12 8 5 2 

12 12 I . 13 

15 15 7 6 2 2 

15 13 I 3 2 3 

10 II 2 4 I I 
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2 

2 








I16 

779 

40 48 

I 

I 

6 

6 

8 

7 

15 

18 





I 

4 

2 

I 

I 


I 







160 

7X0 

31 31 

2 

2 

3 

4 

4 

5 

4 

4 










1 








91 

7X1 

27 28 


2 

9 

I 

4 

6 

14 

13 

I 






4 


3 









112 

782 

36 29 

5 

T 

4 

8 

I 

3 

14 

13 

I 


3 


2 

I 

I 


3 

2 








127 

783 

64 62 

2 

8 

7 

5 

|t 3 

14 

15 

26 


I 


4 

! . 

4 


I 


I 


I 



. I 

1 


240 

784 1 

58 64 

6 

6 

7 

2 

1 6 

4 

10 

II 




I 

I 

I 


1 

2 

2 




I . 


I 


184 

78“. 1 

29 32 


5 


2 

I 


8 

10 





I 

I 

2 











93 

786 ! 

44 36 

3 

3 

7 

9 

! 4 

2 

7 

9 

I 




I 




2 


I 



. I 




T30 

788 1 

40 46 

6 

5 

5 

9 

8 

7 

9 

II 

2 

2 

1 

2 

4 3 


2 

4 

2 








168 

789 1 

52 39 

5 

4 

4 

6 

8 

7 

II 

14 

2 

I 


3 

3 

3 


1 

2 

2 

I 



I I 




1 170 

790 1 

107 8s 

2 

5 

6 

7 

5 

9 

20 

22 

I 


I 

I 

I 

4 




I 

I 

I 



I . 



290 

791 t 

52 51 

8 

6 

5 

5 

I 

5 

14 

14 

I 


I 


I 

6 




I 


1 






164 

793 1 

28 29 

5 

I 

3 

4 

1 5 

6 

9 

21 





I 

I 



I 


I 







115 

795 1 

30 49 

4 

9 

8 

13 

15 

6 

13 

14 

I 


2 

2 

5 

I 


I 


2 


I 


I . 

. 1 



187 

797 1 

26 28 

3 

3 

8 

5 

1 6 

6 

6 

11 

I 

I 


2 

2 



I 


I 

I 



I . 

I 



113 

790 

16 10 

i 

3 

2 

I 

1 I 

I 

2 

I 


I 
















39 

X()o 

43 59 

3 

2 

2 

7 

3 

9 

9 

15 



I 

I 

I 

2 



I 


I 



1 *. ' 



1 

159 

901 

34 43 

3 

5 

6 

I 

4 

4 

14 

12 



r 



4 



2 

I 

I 



! . 




135 

OOJ 

47 57 

3 

6 

2 

3 

8 

7 

20 

15 

3 


I 


I 

2 












175 

f.03 

13 10 

2 

I 

3 

1 

I 


4 

4 




1 


1 


I 










42 

904 

23 31 

3 

2 

3 

2 

2 

4 

12 

4 





I 













87 

90; 

65 ss 

7 

4 

5 

7 

1 8 

5 

22 

21 

I 


2 

3 

4 





2 



I 




* • ‘ 

212 

<'o 6 

45 34 

r3 

5 

9 

5 

16 

4 

14 

II 



I 


I 

I 


I 




3 

I 





164 

(07 

52 SO 

2 

9 

8 

13 

7 

8 

15 

17 

2 


T 

2 

3 

2 



2 

I 


I 


. I 


. I 


207 

908 

57 50 

6 

7 

5 

7 

3 

4 

7 

15 




2 

5 





2 








170 

909 

37 48 

'4 

7 

5 

4 

9 

II 

18 

15 


2 

6 

2 

3 

5 

I 


5 

I 

I 

I 






195 

910 

4S 44 

7 

4 

6 

6 

5 

5 

9 

II 

I 


2 


1 

2 

I 

I 

I 








i . . 

151 

91 T 

35 34 

3 

2 

3 

6 

3 

5 

II 

7 

I 

1 


2 

3 

2 




I 








1 19 

9U 

27 31 

4 

5 

2 

2 

I 

3 

3 

6 



I 

I 

2 





3 






I . 

• 

92 

'JI3 

19 19 

5 

4 

2 

6 

I 

3 

10 

10 

I 

I 


I 

1 

I 



I 

I 




I . 

I . 
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13 19. 

2 

2 
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2 
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_8 
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JOHN WHITTEMORE GOWEN 
Tatile D (continued) 


Refer- 

ences 

916 

917 

918 

920 

921 

922 

923 

9^4 

925 

926 

927 

929 

930 

931 

932 

933 

934 

935 

936 
040 

941 

942 

943 

944 
946 

948 

949 

950 
95 T 

952 

953 

954 

nc;7 

958 

959 

960 

961 

962 
9^3 

964 

96s 

966 

968 

970 

971 
973 
074 
07“^ 
976 

982 

983 

984 

9 ^^ 

986 

087 

989 

901 

OQ 4 

00? 


39 52 
41 29 
15 28 
21 22 
21 17 
58 61 

15 6 

28 51 
3<5 33 
36 33 ,6 
t 8 7j2 

63 39; I 

39 3516 
26 32 

16 17 

21 36 
15 18 
15 18 

22 23 

30 20 

19 29,3 
21 23I 3 
21 20 

9 19 
8 6 

21 18 
46 15 
13 I 7 | 3 
T 7 24 1 2 

20 26 , 2 

23 20 

31 II 

26 25 
20 19 
26 22 

22 23 

25 8 

32 20 

15 24 
10 14 

26 15 

23 21 

16 28 _ 
16 23 2 
20 24I 2 
23 30 3 
16 ig 2 

35 36 4 

41 37 ( 3 


1 

3 

2 

1 

2 

4 

2 

3 

I 

4 
1 5 


41 22 

23 22 
22 30 

29 24 

24 28 
27 16 
16 14 

20 18 
IS 13 

21 271 



2 


3 


n 


I, 

2 

I, 

3 

I, 

4 

-2, 

3 

2 

4 

3.4 

1,2,3 

1,24 

1,34 

2,34 

1,2,34 

Total 

5 

2 

6 

7 

8 

9 

13 

r 


I 

2 

2 

I 


I 

I 

I 








154 

3 

5 

5 

12 

10 

6 

II 

I 



. 

I 

I 

2 


I 


I 


I . 





135 

I 

2 

I 

2 

I 

5 

6 


I 


. 


1 


• 


I 








68 

3 

I 

5 

3 


3 

6 

I 





I 




I 








71 

4 

6 

3 

3 

5 

3 

2 

I 

I 

1 

I 

2 

2 


I 

I 

I 

I 







78 

5 

7 

8 

13 

10 

26 

13 



2 

I 

4 3 


• 

2 

2 








223 


I 

1 

2 

I 

2 

I 






I 












31 

6 

10 

9 

7 

6 

Q 

14 


I 

2 



2 


1 

I 









151 

8 

6 

7 

2 

7 

18 

9 

2 

I 




4 



2 









136 

2 

7 

4 

5 

9 

5 

15 


■ 

I 

I 

2 

I 


• 

2 

I 


I 






131 

3 

I 

1 

3 

1 

4 

2 


I 

I 



1 




I 






I . 


47 

2 

3 

3 

3 

4 

10 

10 




I 


4 


I 

I 

I 








146 

6 


2 

8 

6 

17 

10 


I 

I 

I 

3 3 

I 


2 

1 


2 






144 

4 

4 

8 

2 

4 

4 

15 

I 

I 


I 


I 



I 



I 






T07 


2 

3 

2 

2 

8 

5 






I 


I 










58 


6 

2 

2 

5 

5 

6 



2 


3 

I 












91 

4 


I 

2 

7 

4 

8 




I 

T 

2 




I 








67 

4 


T 

2 

7 

4 

8 




1 

I 

2 




I 





. 1 



67 

6 

5 

2 


4 

6 

I 


I 


1 






I 



I 





77 

0 


2 

6 

I 

7 

6 





I 




I 





. . 




80 

6 

3 

5 

0 

I 

2 

6 

I 


I 



I 

I 


I 

I 








86 

4 

6 

7 

5 

9 

II 

9 

1 

I 

2 

I 

2 

2 

2 



2 


I 






112 

3 

5 

3 

I 

3 

6 

9 

I 

I 
















77 

I 

2 

I 

2 

4 

10 

8 





2 

2 




2 








65 

2 


6 


2 

7 

3 

I 



2 




I 


I 





I 



43 

5 

2 

6 

3 

I 

8 

4 


1 


I 

3 

2 

2 


2 

2 


I 






83 


2 

2 

2 

2 

5 

3 

2 



I 

I 

1 




I 








83 

4 


I 

4 

I 

7 

I 



I 


I 













53 

6 

4 


2 

2 

8 




2 



I 








• 

• 



81 

2 

3 

2 

7 

3 

10 

8 


I 



I 





I 


1 






87 

4 

4 

2 

3 

6 

4 

5 





I 













74 

2 

I 


4 


13 

4 


2 
















69 


4 

I 

5 

2 

9 

5 





2 

I 



I 


I 







83 

I 


4 

5 

6 

5 

7 

I 




2 


I 











74 

3 

I 

3 

4 

2 

11 

2 






I 












77 

7 

I 

il 

5 

3 

6 

12 

I 

1 



I 





I 








85 

2 

2 

3 

4 

2 


2 

I 





T 



I 






• 



53 


, 

i 

3 

2 

10 

3 






1 












85 

I 

I 

5 

4 

I 

5 

7 

I 





I 



I 









68 

I 


2 

I 

4 

10 

8 





] 




I 









64 

I 


2 

4 

4 

7 

7 



I 



I 

I 



I 






• • 


71 

4 

4 


3 

2 

7 

61 






I 












75 

3 

2 

2 

2 

3 

5 

6 


I 

I 



1 



1 1 

I 








77 

3 

I 

4 

4 

2 

6 

6 

I 








I 

I 




I 




71 

2 

2 

2 

3 

2 

II 

II 


I 

I 


. 





3 

I 







! 85 

3 

I 

2 

3 

I 

6 

6 

I 


2 

I 

I 


I 



2 







■ ■ 

86 

2 

3 

5 

2 

2 

4 

4 

I 



I 


I 









1 



62 

I 

5 

8 

5 

9 

8 

9 


I 




I 

I 

I 


I 




. I 




126 

I 

3 

6 

6 

6 

II 

12 


I 



I 

I 


2 

I 

2 








134 

2 

2 

4 

4 

3 

7 

4 



I 

. 

2 

I 






I 






98 

5 

7 

4 

3 

5 

13 

5 


I 



I 

3 

I 



3 








99 

3 

i 4 

3 

4 

II 

7 

6 





I 

2 

I 











99 

5 

3 

3 

6 

3 

II 

5 


I 


I 





I 









97 

2 

7 

5 

5 

3 

13 

10 


I 



I 





I 


1 






107 

4 

I 

5 

I 

2 

7 

3 


I 

1 

2 

2 

I 



13 







1 . . 


i 82 

I 

6 


2 

5 

3 

5 



I 


I 

2 




I 






* 

. . 

1 58 

I 

I 

2 

2 


1 3 

7 





I 

. 

L 



3 








62 

-il 

2 

2 

4 

4 

I 

4 









I 


I 







40 


2 


I 

-1 

9 




JL 



L 




2 _ 








8i 



A BIOMETRICAL STUDY OF CROSSING OVER 


245 


Table D (continued) 


Kefer- 














r" 

T" 






Total 

enccs 

1 0 

I 


2 


3 

4 

I 

,2 

1 

73 

1.4 

2,3 

|2, 413.4 

1,2,3 

1,2,4 

1,3.4 

2,3,4 

1, 2, 3, 4 

996 

1 21 24 

3 4 

4 

4 

6 


10 II 

I 




. I 

I . 

I I 



I . 




93 

997 

29 28 ! 2 I 

8 

6 

3 

3 

7 3 

2 




. 2 

I . 

I I 

. I 



. 



98 

998 

26 26 ! 3 . 

2 

I 

I 

8 

14 9 





2 


I . 

. I 






94 

999 

24 27 

|4 7 

2 

5 

I 

4 

6 5 


1 

I 











87 

1002 

17 II 

2 5 

2 

I 

I 

4 

6 6 





2 . 

I . 

. I 







59 

1003 

29 13 

2 2 

I 

3 

4 

5 

5 5 

I 


2 


I 6 


. I 







80 

1005 

26 20 

2 3 

4 

2 

3 

4 

8 6 





I . 


• 3 

. I 






83 

loro 

10 16, 3 I 

3 

4 

7 


I 6 





. I 


2 . 







54 

lOlI 

13 17(3 4 

2 

I 

3 

2 

8 3 




2 

. I 


2 . 







61 

1014 

26 191 I . 

I 

4 

2 

I 

7 7 




I 

. I 









70 

1023 

14 22 4 3 

2 

4 

3 


5 5 

2 




2 



. 1 






67 

1025 

18 20; I 4 

2 

6 

2 

4 

II 7 

I 

I 



I I 

. I 

I . 



. I 




82 

1026 

53 SI 

1 5 4 

7 

5 

8 

5 

12 13 


I 

i 


2 2 

. I 

I I 







172 

1027 

47 41 

5 2 

7 

4 

5 

8 

8 7 

I 


I 


I . 


. I 





. I 


139 

1028 

28 51 

9 5 

6 

9 

7 

9 

18 10 

4 

2 

I 

I 

2 2 

. I 

. I 

. 1 






167 

]029 

40 3S 

!5 6 

5 

2 

9 

10 

II 9 

2 


I 


2 2 

I . 

I I 

2 I 


T . 




146 

T03I 

33 32 

9 7 

13 

12 

8 

IT 

17 II 

I 

I 

l3 3 

2 


4 2 

I T 


I . 




173 

1032 

33 45 10 9 

13 

II 

8 

5 

14 16 

I 

I 


3 

3 I 


3 2 

T I 






180 

1033 

56 60 

,4 4 

3 

2 

9 

II 

22 17 



I 

I 

6 3 

I . 

. I 







201 

1034 

35 49 

9 II 

4 

I 

4 10 

14 16 

I 


3 

I 


I . 

I I 

. I 






162 

1035 

33 23 

2 2 

2 

5 

6 

7 

10 6 

2 



I 

I 3 


I . 







104 

1036 

58 52 4 4 

9 

8 

6 

8 

7 13 

2 

I 

I 

2 

2 3 

2 . 

2 . 

I . 






185 

1038 

43 37 

5 6 

2 

2 

8 

12 

12 13 




4 



2 . 

. I 



. I 

. I 


148 

1040 

37 37,4 5 

2 

6 

7 

12 

7 16 




I 

• 3 

I I 

. I 







140 

1041 

46 41 

9 4 

4 

2 

8 

10 

9 14 


2 



. I 


. T 



r . 

' 


■ • 

152 

1042 

35 4S 

5 2 

6 

4 

6 

4 

I 20 


I 


. 



3 I 

I . 






137 

1043 

18 IS 

1 I 

2 

2 

I 

3 

4 4 

I 

I 



. I 

. . 

I . 




. . 



55 

1046 

28 35 6 4 

2 

7 

10 

6 

4 3 


. 


2 

3 2 

I . 

. 1 







114 

1060 

13 14 

4 2 

5 

3 


2 

4 4 


I 


1 

I I 

. 312 I 

I . 

. . 

I . 


. . 


63 

if>63 

25 43 

6 4 

4 

12 

4 

8 

2 6 

I 

2 

4 2 

I 3 


. I 







128 

1066 

42 23 

4 3 

I 

4 

4 

I 

12 8 



. 

I 

1 .! 

I . 

I I 







107 

1071 

46 50 

5 4 

3 

4’ 

5 

7 

17 2J 

I 



3 

I .' 


3 3 

. I 






174 

1072 

42 49 

7 7 

5 

6 

9 

9 

15 13 



I 


3 I 


I 3 







171 

1075 i 

635613 8 

7 

5l 

5 

8 

17 23 


5 

5 

2 

I 2 

I I 

I I 

2 I 


I . 




228 

1084 1 

*^0 21 1 I 4 

3 

3 

I 

I 

8 6 


I 



3 . 





. 




102 

1088 1 

68 59 

7 7 

7 

3 

10 

9 

15 21 

2 


I 

1 

. 3 

. I 


• • 






214 

Kigo 

54 36 

2 4 

5 

I 

I 

4 

17 9 

2 

;i 



. 2 

3 . 



■ 1 





140 

1093 

48 35 

4 3 

5 

8 

7 

6 

15 9 

I 

I 


I 

1 . 2 


I I 







147 

1094 

38 43 10 5 

6 II 

5 

9 

9 8 

1 1 


2 

2 

|3 I 

. I 

I 2 

. I 



I . 



159 

1095 

56 58 

4 8 

8 

5 

7 

5 

II 8 

5 


I 

I 

12 2 


4 I 




. .1 



184 

1097 

40 23 

5 4 


4 

5 

7 

8 14 


i 

I 

I 



. I 




. .1 



1 14 

noi 

82 6r 

12 7 

9 10 

II 

18129 15 

2 

i| 

4 


'5 2^ 


. 2 


I 

Ii • 




1 272 

1102 

46 58 

5 8 

3 

3 

13 

7 

13 9 


.1 

I 

2 

2 l’ 

I . 

. 3 







175 

1 103 

66 67 13 8 

4 

12 

II 

13 

31 181 


i| 


I 

• 


. I 







249 

1108 

48 47 

3 I 

I 

3 

I 

9 

7 19 

I 

1 1 


il 

2 ,i 


I . 

4 . 






148 

I lOQ 

52 51 

7 5 

8 

9 

8 

10 

23 19I 

2 

il 

3 


3 .1 

I . 

I 1 

T I 



1 . 


• 

1 208 

T112 

43 31 

5 2 

6 

4 

7 

4 

6 5 


.1 

2 

. 

t ii 


, I 

I . 






1 119 

ni3 1 

80 40 

3 I 

3 

5 

7 10 

15 15 


.1 

. 

I 

3 5I 

I . 

.1 

1. . 

l'. ■. 

r. ‘ 


i'. 

1 ■. ■. 

1 198 

ni6 1 

48 47 

2 2 

5 

61 7 

II 

19 15 


.1 

I 

i! 

1 1| 

. I 

1 1 

. I| 

. .1 


. .1 


. . 1 

1 170 

ni8 I 

46 46 

7 6 

9 

7I 9 

9I 

27 281 

I 


3 2I 

3 2I 

I .! 

I 2 

. Il 

. .1 


. .1 


. . 1 

210 

iiig 1 

28 36 

3 8 

4 

3I 3 

61 

7 8I1 



il 

2 21 

. H 

. .1 

. .( 

. .1 


. .1 


. . 1 

113 

1120 1 

51 25 

8 5 

9 lol 

5 10I12 8|i 

3I 

I 

.1 

. 21 

. il 

. .1 

. .1 

. .1 


. .1 

. .1 . . 

1 51 

1121 1 

68 70 

6 9 

4 131 

10 

61 18 14I 

I 

il 

2 

2I 

2 .1 

1 .1 

I . 




1 .1 

. .1 . . 

229 

1131 1 

86 95 

4 17 

7 III 

13 15I32 34I2 

.1 

i 

.1 

2 li 

. .1 

2 4 

2 . 

'.1 


. .1 



1 328 

^T33 I 

^139 1 

81 00 
57 6^ 

17 12 
9 7 

II 

2 

10 

I 

16 13 31 31 

8 14 18 9 

3 

.1 

.1 

3 3 3 3 
..2.1 


5 4 
. 2 



I . 

. .1 
. .1 

. I 

. . 

. . 

337 

193 

1141 1 

31 26 
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INTRODUCTION 

It is reported by Williams (1917) that in the common “white fly,” 
Alenrodcs vapomrioriim, parthenogenetic eggs yield females among the 
English representatives of the species, but males in the United States. 
This statement is based on experiments with virgin females in both 
countries. On the other hand, two females of the English strain which 
had mated produced in the one family 13 females and ii males, in the 
other family 2 females and 2 males. From these results Williams con- 
cludes that fertilized eggs of this'species produce males and females in 
equal numbers, and applies his conclusion alike to the English and 
American strains. He also proceeds to explain several other well known 
instances of peculiar sex ratios in a similar manner, jiarticularly among 
the Thysanoptera. 

We have been unable to discover any other reported case of a species 
in which unfertilized eggs produce males while fertilized eggs yield both 
sexes. In such a species the males must be of two kinds, one produced 
from parthenogenetic eggs, the other from fertilized eggs. A species in 
which these two kinds of males existed would be invaluable in Iireeding 
experiments, owing to the presumably different capacities of the males for 
transmitting hereditary traits. For this reason we would not willingly 
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reject Williams's explanation of sex determination in Aleurodes, if we 
were not forced to do so. One of us (Shull 1917) conducted numerous 
experiments on Anthothrips vcrbasci in the hope of finding that this 
species was of the kind that Aleurodes is reported to be, only to be 
driven to conclude that that thrips is precisely like the honey bee as regards 
sex. The case of Aleurodes seemed, therefore, to require further in- 
vestigation. 

The conclusion that the fertilized eggs of Aleurodes yield both sexes 
in equal numbers rested on the erroneous assumption that all eggs laid 
by mated females must be fertilized. It is well known that the female 
bee may and does lay unfertilized eggs while her si>ermatheca is full <f 
spermatozoa; and Shull (1917) found the same to be true of Antho- 
ihrips. If it be assumed that Aleurodes is like the bee and Anthothrips in 
this regard, the sex ratios obtained by Williams are quite as well ex- 
plained as by his assumption that fertilized eggs may be of either sex. 

To decide between these two possible explanations one might resort 
( I ) to cytological study of the males, which on the one view should be 
all of one kind, and on the other view of two kinds probably differing 
in their chromosome number; or (2) to breeding exi>eriments in which 
the males should transmit the characters of one parent or two, according 
as they came from parthenogenetic or fertilized eggs; or (3) to a study 
of the sex ratios obtained among the offspring of virgin and mated fe- 
males. Believing that, if the facts ^should prove to be as we suspected 
they would, the third method entailed the least labor, we have employed 
the method of sex ratios. Let us see what sex ratios are permitted by 
the alternative theories. 

(A) If Aleurodes is like the honey bee, and males come only from un- 
fertilized eggs while all fertilized eggs produce females, the sex ratio 
in the family of a mated female may be anything whatever. Her off- 
spring may be all females if every egg is fertilized, or they may be all 
males if in mating no spermatozoa are transferred or if the spermatozoa 
are withheld. Between these extremes may be any proportion of the 
sexes. . 

(B) If, as Williams believes, parthenogenetic eggs yield males, and 
fertilized eggs produce both sexes in equal numbers, the number of fe- 
males could never exceed fifty percent. The maximum number of fe- 
males would api>ear when all eggs were fertilized. If any developed 
parthenogenetically, the number of males would be increased, and the 
proportion of females would fall below fifty percent. 
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The method of sex ratios can only decide between these theories in 
case (A) is correct, and if in some instance a significant majority of 
females is obtained. If (B) is correct that fact can not be proved by 
sex ratios; and any proportion of females not over fifty percent fits 
either theory equally well. As shown below, we believe we have estab- 
lished such female majorities in several instances. 

METHODS 

The white flies^ were reared on bean and potato plants, and a few 
others, under lantern globes covered with fine gauze. To prevent the 
plants from growing too large during the rather long life cycle of the 
insects, and likewise to prevent fungus from developing under the cov- 
ers, watering was reduced to a minimum. Virgin females were obtained 
by collecting pupae and permitting the adults to emerge in confinement. 
In experiments in which fertilized eggs were desired, in some cases mat- 
ing was observed, in other cases the females were simply confined with 
males and pairing may or may not have occurred. In collecting the adult 
offspring for ascertaining their sex, if only a few were present, a brush 
and a bottle sufficed and but few specimens were lost. When large num- 
bers were to be collected advantage was taken of the positive phototropism 
of the flies. The plant bearing them was placed in a tight box lined with 
black paper on all sides except one, into which a large glass funnel was 
fitted with stem outward. This funnel was turned toward the window 
and a bottle placed over the open stem. The flies gradually collected in 
this bottle, in which they were subsequently etherized. The repeated use 
of this cage in collecting flies from different plants made errors possible, 
and in one or two instances we suspect the results are incorrect for this 
reason ; but great care was exercised to remove all flies from the box, and 
on the whole contamination seems to have been prevented. 

SEX RATIO IN RANDOM COLLECTIONS 

Random collections in several greenhouses were made up of males 
and females in the proportions shown in table i. Although the females 
are in the majority, the majority is small; and if the females live longer 
than the males, as Williams (1917) suggests, the sexes might have been 
present in equal numbers at the time of hatching. The “wild^’ collections 

^ The species used in our experiments is tentatively identified from adults, by Dr. 
A. L. Quaintance and Dr. A. C. Baker, as probably Trialcurodes (Aleurodes) vapo- 
rariorum. Unfortunately no pupae, upon which the positive determination depends, 
were preserved from the experiments. 


Genetics 4: My 1919 



254 


NORMAN R. STOLL AND A. FRANKLIN SHULL 


Table i 

Proportions of the sexes of Ttrialeurodes vaporariorum in random collections. 


Place of collection 

Number of males 

Number of females 

University greenhouse 

340 

491 

Botanical greenhouse 

310 

375 

’ Commercial greenhouse 

694 

747 

Total 

1344 

1613 


do not, therefore, aid in deciding between the two theories of sex de- 
termination outlined above. 


OFFSPRING OF VIRGIN FEMALES 

Experiments in which virgin females were used as parents were con- 
ducted in ‘two ways. In the first experiments the parents were left on the 
plants until the oldest offspring became adult, so that the parents may 
have appeared in the collections of progeny. In the later experiments 


Table 2 

Showing the sex ratio of the offspring of virgin females, in experiments in which 
the parents may be included with the offspring. 


Number of 

Date of begin- 

Number of vir- 


Offspring 

experiment 

ning experiment 

gin parents 

Male 

Female 

Not determined 

Vi 

February 20 

7 

138 

4 

^ 

4 

V2 

February 21 

8 

. 1 

298 

6 

24 

Total 

436 

10 

28 


the parents were removed before any of the offspring matured, so that 
later collections included only the progeny. The early experiments, two 
in number, are recorded in table 2. In neither experiment is the number 
of females included among the offspring greater than the number of 
female parents used, so that the females recorded need not be offspring 
at all. In further support of this view is the fact that the females ob- 
tained were among the first collections, and that no subsequent females 
were found. 

The experiments with virgin females, in which the parents were re- 
moved before the first offspring became adult are recorded in table 3. 
Our experiments confirm the statement of Williams that unfertilized 
eggs produce only nudes. 
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Table 3 

Showing the number of males and females among the offspring of virgin females, in 
experiments in which the parents were removed before any 
of the offspring became adult. 


Number of 

Date of begin- 

Number of vir- 

Offspring 

experiment 

ning experiment 

gin parents 

Male 

Female 

Not determined 

V 3 

February 23 

3 

2 

0 

0 

V3a 

March i 

3 

51 

0 

4 

Vio 

April 19 

2 

28 

0 

0 

V20 

April 29 

2 

64 

0 

0 

V27 

May II 

5 

2 

0 

0 

Total 

147 

0 i 

4 


OFFSPRING OF FEMALES THAT MATE 

Mating not observed 

In a series of experiments mating* was permitted to take place by- 
putting males and females under the same cover, but was not observed 
to occur. The results of these experiments are collected in table 4. The 


Table 4 

The offspring of females which were kept in the presence of males, but which 
were not observed to mate. 


Number of 
•experiment 

Date of begin- 
ning experiment 

Number of parents 

Offspring 

Male 

Female 

Male 

Female 

Not determined 

M2 

March 7 

35 

20 

8 

21 

0 

M3 

March 7 

15 

9 

47 

39 

5 

M6 

March 9 

37 

22 

0 

2 

I 

M8 

March 25 

31 

25 

37 

27 

I 

M9 

March 27 

15 

13 

63 

33 

11 

Mio 

March 30 

35 

34 

63 

53 

5 

Mil 

March 29 

9 

9 

55 

9 

4 

M14 

March 30 

30 

23 

351 

324 

8 

M22 

April 13 

8 

3 

19 

49 

Q 

M2S 

April 17 

II 

3 

56 

76 

0 

M26 

April 18 

5 

3 

48 

126 

0 

M27 

April 19 

4 

1 2 

86 

68 

0 

M28 

April 19 

4 

2 

54 

67 

0 

M36 j 

May 10 

8 

1 " 

2 

0 

0 

Total 

889 

894 

35 


only one of these experiments which exhibits a decided majority of fe- 
males, and is therefore significant in deciding between the two alterna- 
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tive theories of sex determination outlined in the introduction, is M26. 
How significant this experiment is is indicated below. 

Mating observed 

In the experiments shown in table 5, pairs of flies in copulation were 
separated, and the females alone put under lantern globes. Mating was 
thus known to have occurred, but could not have occurred repeatedly 
during the course of the experiment, as may have happened in table 4. 
Two of these experiments yielded a great majority of females. 

Table 5 

The offspring of females which were observed in copulation, but which were then 
isolated so that further mating was prevented. 


Number of 

Date of begin- 

Number of 

Offspring 

experiment 

ning experiment 

parents 

Male 

Female 

Not determined 

V15 

April 20 

I 

II 

I 

I 

V21 

April 30 

3 

66 

205 

0 

V26 

May 9 

3 

9 

50 

9 

Total 

1 


86 

256 

10 

— ^ 


The production of a large majority of females in the experiments of 
table 5 is probably owing to the fact that the parents had certainly mated 
before the beginning of the experiment. It suggests that in the experi- 
ments of table 4 some of the females did not mate at first, or may even 
not have mated at all, and that the small proportion of females was 
due to the laying of unfertilized eggs by such virgin females, rather than 
to the withholding of spermatozoa by females that had mated. 

SIGNIFICANCE OF THE EXPERIMENTS WITH MATED FEMALES 

Three of the experiments with females that were either known to have 
mated or were given every opportunity to mate resulted in so large a 
majority of females as to appear to be decisive with regard to the method 
of sex determination. These are M26, V21, and V26. The fact that 
there were only three such experiments, whereas many others intended 
to be like them yielded only an equality or even a minority of females, 
does not diminish their value as evidence. Even if only one experiment 
in a thousand showed a majority of females, and that majority was 
sufficiently large, that one experiment would decide between the alterna- 
tive views described in the introduction. It is important, therefore, to 
ascertain how significant the female majorities in these three cases are. 



SEX DETERMINATION IN THE WHITE FLY 


257 


It may be objected that even if the two sexes were regularly pro- 
duced in equal numbers, a random sample could, purely by chance, be 
composed of three to five times as many females as males. It may be 
argued that, even if there are. in the spermatheca of a female fly two 
kinds of spermatozoa, respectively male- and female-producing, in equal 
numbers, the eggs laid may, purely by chance, be fertilized mainly by 
spermatozoa of the female-producing type. These chances do exist. 
How great they are can be computed. 

Let us examine the totals of the three experiments, M26, V21, and 
V26. Assume that the flies recorded in tables 4 and 5 were drawn at ran- 
dom from an infinitely numerous population composed of equal numbers 
of males and females. The chance (probability) that any given sex ratio 
would occur in a sample is expressed by the formula 


nl 

{n — r) !r! 


pr qin—r) 


in which n is the total number of individuals in the sample, r is the num- 
ber of females in such sample, p is the chance that any selected individual 
will be a female, q the chance that any selected individual will be a male. 
Under the conditions named above, p = q = y2, while n and r vary with 
the samples. 

Employing this formula, it is found that the chance that the 48 males 
and 126 females in experiment M26 might have come from a population 
in which males and females were equally abundant is 


174! 

48! X 126! 




174! 

48! X 126! X 2”* 


With the slight error due to the use of logarithms this chance proves to 
be I in 1,097,307,692. In like manner the chance that the ratio in ex- 
periment V21 could be 66 males and 205 females, and still represent an 
infinite population in which the sexes were equally numerous, is i in 
310,942,857,142,857,142. The corresponding probability for experi- 
ment V26 is I in 45,876,666. 

These figures, of course, only express the chance that the one specific 
ratio should occur. If one were to compute the chance that the ratio 
might be at least as far from equality as is the ratio actually obtained, it 
would be necessary to combine with the chance of the one ratio obtained 
the chances of all other ratios still farther from equality. Thus, in ex- 
periment V21, to the probability of the ratio 66 to 205 should be added 
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the probabilities of the ratios 65 to 206, 64 to 207, 63 to 208 ... x to 
270, o to 271. Since all these latter chances are less than that of the 
ratio 66 to 205, they may be combined and their sum still be only i in 
some quadrillions. 

Contrast with these figures the chance that, in the same experiment 
( V21 ), the ratio might have been as near equality as possible, that is, 135 
to 136. That chance is l in 20.6. Out of a large number of samples, of 
271 individuals each, all drawn as hypothecated from an infinite popu- 
lation in which males and females are equally numerous, more than half 
of them should deviate less than 6 from equality. The number falling 
beyond the extreme ratios of 100 to 171, and 171 to 100, would be 
negligible. 

It should be pointed out that the assumption of an infinite population 
from which to select the given samples is less favorable to the conclusion 
we propose to draw from the experiments than any finite population 


Tabue 6 

Daily records of the progeny obtained in experiments Mz6, Vzi, and Vsd. 


Experi- 

Date of 

Number of 

Number of 

Percentage 

merit 

collection 

males 

females 

of males 

M26 

May 19 

3 

18 

14.3 


May 30 

II 

32 

25.6 



18 

18 

50.0 



7 

II 

38.9 



I 

3 

25.0 


May 31 

0 

4 

0.0 



I 

II 

8.3 


June 4 

3 

14 

17.6 


June 13 

4 

15 

21. 1 



48 

126 

27.6 

V21 

May 30 

7 

58 

10.8 



6 

15 

28.6 



0 

6 

0.0 


June 17 

26 

62 

29.5 



24 

51 

32.0 



2 

II 

154 


June 20 

I 

2 

33.3 

.... 



66 

205 

24.4 

V26 

June 17 

I 

15 

6.2 


June 29 

2 

32 

*5.9 


July 4 

6 

3 

66.7 



9 

SO 

15.3 
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would be. If samples were drawn at random from any finite population, 
in which the sexes were equally abundant, the probability of any given 
one-sided ratio, such as 66 to 205, would be less than that computed 
above. 

The above computations are based solely upon the total sex ratio ob- 
tained. They take no account of the nature of the individual collections 
within the experiments. These, however are important, and are given in 
table 6. It is noteworthy that with two exceptions each collection con- 
tained a majority of females. The fact that they are nearly all of the 
same sign enhances the probability that they represent a population in 
which the females are more numerous than the males. 

The practical uniformity of sign of the several collections could be 
given expression and its significance shown by treating all the samples 
in each experiment by statistical methods. In view of the small number 
of collections in each experiment, however, the value of such treatment 
seems doubtful ; and inasmuch as the computations already made apjjcar 
wholly conclusive, we have dispensed with further refinements. 

Experiment V26 may appear from table 6 to be less satisfactory as 
proof that the true proportion of males is less than 50 percent than are 
the other two experiments. But when it is observed ( t ) that most of 
the apparent weakness of this experiment lies in its last collection in which 
the males are in the majority, (2) that the females which produced these 
offspring mated only before and not during the experiment, and (3) that 
their supply of stored spermatozoa may have been exhausted by the fer- 
tilization of the earlier eggs, this final majority of males may well be 
regarded as a confirmation of the theory of sex determination which 
the preceding female majorities seem to render necessary, namely, that 
fertilized eggs yield females, unfertilized eggs males. 

DISCUSSION AND SUMMARY 

The experiments described above indicate with little doubt that unfer- 
tilized eggs of Trialeurodes vaporariorum produce males, which con- 
firms the statement of Williams with regard to the American repre- 
sentatives of this species. They should dispel, however, the belief that 
the fertilized eggs produce both sexes in equal numbers. If that belief 
were well founded, it should never be possible to obtain a significant 
majority of females, for to the fifty percent of males developed from 
fertilized eggs must be added the males which hatch from partheno- 
genetic eggs. In three experiments a very large majority of females 
was obtained. This result favors the view that, like the eggs of the 


Genetics 4: My 1919 



26 o 


NORMAN R. STOLL AND A. FRANKLIN SHULL 


honey bee, all fertilized eggs of the white fly produce females, all par- 
thenogenetic eggs males, in accordance with which view the sex ratios may 
be anything whatever. The only alternative explanations of the majori- 
ties of females in the three experiments above referred to would be selec- 
tive fertilization and differential mortality. Since there is no indication 
that either of these phenomena occurs, and since analogy with the honey 
bee is at least probable, we have adopted the view that all fertilized eggs 
yield females. 

While our conclusion is what we suspected at the outset that it would 
be, we believe that our judgment has been in nowise distorted by our 
preconception. We are, in fact, very desirous of discovering just such 
an animal as Williams describes this Trialeurodes to be. It is to be 
hoped that any indications that any species produces males from unfer- 
tilized eggs, and both sexes from fertilized eggs, will be promptly and 
thoroughly investigated. 
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The color in the aleurone cells of maize early attracted the attention 
of geneticists as affording ideal material for testing the segregation of 
characters in the second generation of hybrids. 

The- first cases that were investigated led to the idea of only one unit 
or factor being involved in the production of an aleurone color. With 
the progress of investigation, however, it became necessary to assume 
that two factors are involved. The occurrence of red and purple seeds 
(m the same ear showed the need of recognizing a third factor, and the 
appearance of a pale color, or ‘‘dilute,^’ necessitated the assumption of a 
fourth, modifying, factor. 

A brief examination of the many varieties grown by the Indians of 
North and South America shows that there are still other aleurone colors 
not provided for in this scheme, such as clay (a light blue but very dis- 
tinct from dilute) found in varieties grown by the Hopi Indians of 
Arizona; pink (a light red), isolated from the Chinese waxy type, and 
black (an exceedingly intense blue or purple) found in ’varieties grown 
by the Navajo Indians and brown found in a Bolivian variety. It is 
not absolutely certain as yet whether additional factors are concerned in 
the production of these variations, or whether we are dealing with one 
or more dilution factors similar to those found in guinea pigs (Wright 
1916). 

Apart from the many shades of color there are several color patterns 
corresponding in a certain sense to those of animals. Not all of these 
patterns have been, as yet, thoroughly investigated, but they are so dis- 
tinct in appearance that there can be little doubt that additional factors 
or heritable elements are involved in their expression. 

While at least two color schemes found on maize seeds are undoubtedly 

^ Since this manuscript was prepared a paper by Professor R. A. Emerson (1918) 
has appeared, in which a similar type of aleurone color has been analyzed and desig- 
nated mottled. In general the conclusions reached are similar to those presented 
here, but there are some differences which it is believed will be of interest. 
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patterns, two others would be classed more properly perhaps as a color 
dilution. If this is true there are two types of color dilution in the 
aleurone layer. The first of the^e‘has color in each aleurone cdl but of 
greatly reduced intensity. This type is found in both red and blue. 
Most of the seeds belonging to it are darker at the base, the color paling 
gradually toward the tip. This type may possibly correspond to that 
designated parti-colored by East and Hays (1911). 

The other type of color dilution found in maize is perhaps comparable 
to the blue roan color in horses and cattle, in that with respect to color, 
there are two kinds of cells, those with pigment and those without. 
Unlike the blue roans, where cells of a color do not occur in groups, the 
seeds of maize are flecked with spots of irregular size, scattered indis- 
criminately over the entire surface and seemingly showing no evidence 
of concentration either at the base or the tip. 

Cells of a color occur in groups of varying sizes. In many cases the 
color, however, is intense, the seed appearing lighter in shade only when 
groups of colored cells alternating with groups of colorless cells are 
extremely small. Cases occur in which the two types of dilution are com- 
bined, the seeds being spotted with a faint color. 

Chemically it is quite possible that the two types of color dilution 
found in the aleurone layer of maize seeds represent two conditions of a 
single enzyme which causes the development of anthocyanin through the 
oxidation of a chromogen, a suggestion already advanced by Wright 
(1917) to account for a parallel case in the melanin pigment of mammals. 

Where the intensity of the pigment itself is reduced, the entire seed 
being but faintly colored, it may be that the enzyme is weak and slow 
to react. 

While in the spotted type of dilution in which the color is intense but 
does not extend over the entire seed, it would appear that the enzyme is 
sufficiently active, but the quantity may be reduced to such an extent that 
enough chromogen can not be oxidized to cover the entire seed. 

The occurrence of spotted seeds in a cross between the Chinese white 
waxy corn and a colored Algerian pop corn has given the opportunity 
to study the inheritance of this spotted type of color distribution. 

There are several peculiarities in the production of spotting which are 
not inharmonious with the supposition that this type of color distribu- 
tion is in reality a color dilution, due perhaps to a reduced quantity of an 
enzyme concerned in the production of color. 

The factors which influence the appearance and production of color 
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in the aleurone cells of maize, so far as investigated and reported, are 
listed below : 

C, a factor for the production of any color, but inactive unless another 
factor (which has been designated K) is present. 

R, a factor as necessary as C for the production of color. With C it 
will produce a red color. It may be distinguished from C because the 
latter factor is correlated with the texture of the endosperm. 

A, a factor reported by Emerson (1918) as necessary for the pro- 
duction of any color. 

Pr, a factor that in combination with the factors C and R changes the 
color of the aleurone from red to blue or purple. 

I, a factor concerned with the inhibition of color. It is assumed to 
affect the production of both red and blue. 

S. This factor is here reported for the first time. It is concerned 
with the production of a certain type of minute spotting and seems to 
be associated or correlated with the factor R. 

In 1910 crosses were made between a variety of maize received from 
Algeria, having colored aleurone and horny endosperm and a Chinese 
variety with white waxy endosperm. One cross was made with the Al- 
gerian variety as the male parent, the other with this variety as the 
female parent. Both of the resulting ears were uniform or self-colored, 
in this respect resembling the Algerian parent. The progeny of the 
ear having the Algerian plant as the male parent failed to show the 
usual association of endosperm texture and aleurone color. 

This result seemed to afford ground for the belief that there might 
be a difference between reciprocal crosses with respect to the association 
of aleurone color and endosperm texture. To investigate this possibility, 
six crosses were made between these same two varieties in 1913. While 
no differences in the association of the characters were found between 
reciprocal crosses, the results showed conclusively that in these hybrids 
aleurone color may show different distributions in the seeds of recip- 
rocal crosses. 

Of the six hybrid ears three were borne on plants of the Algerian 
variety, the other three on plants of the Chinese variety. The former 
were self-colored and could not be distinguished from pure Algerian 
ears. The latter were also colored, but the color on two of these was in 
numerous small spots. Of these two, one had all the seeds spotted, 
the other approximately half of the seeds spotted, the actual ratio being 
107 spotted to 97 self-colored. The relationship of the six ears is shown 
in figure i. 

It is to be noted that the Algerian plants, which bore the self-colored 
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ALGERIAN CHINESE ALGERIAN CHINESE CHINESE 



Dh420 Oh 415 Dh4|if Dh4l8 Dh4l7 Dh4ll> 

Figure i. — Diagram showing the relationship of the 6 hybrid ears. 


ears Dh420 and Dh4i9, showed an incomplete dominance when used as 
male parents with some Chinese plants, but a complete dominance when 
these same Chinese plants were used as male parents. That the domi- 
nance of the Algerian color is not always incomplete when Algerian 
plants serve as male parents is demonstrated by the hybrid ear Dh4i6 
which had self-colored kernels. 

Plants from all six ears were grown in 1914, and a large number of 
hand-pollinated ears bearing seeds representing the second generation 
were secured. The progeny of all but one of the six ears produced ears 
with somft spotted seeds. The one exception, ear Dh4i6, was borne 
on a Chinese plant and was pollinated from the same Algerian plant that 
served as the male parent of ear Dh4i7, which was spotted. 

The progeny of the remaining 5 ears produced 60 hand-pollinated 
ears having some of the seeds spotted. Of these 35 showed a dihybrid 
ratio of white to colored seeds, and 2 had all the seeds colored. It 
must be borne in mind, however, that these 60 ears were the result of 
self-pollination, and crosses between plants grown from the other hy- 
brid ears. 

As both red and blue seeds were found on ears having a dihybrid 
ratio of white to colored seeds, it was necessary to assume that three 
factors are involved in the production of color; (i) A basic factor (C), 
which is essential for the production of any color, (2) a factor for red 
(R) which in conjunction with the factor C results in a red seed; and 
(3) a factor for blue (Pr)» which, when present in the same zygote 
with the factors C and R, results in these seeds being blue. All com- 
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binations of these factors other than C and i?, or C, i?, and Fr, result 
in the production of white seeds. The suggestion has been advanced 
that the factor correlated with endosperm texture is the basic factor C 
(Kempton 1915, Bregger 1918). This is mentioned here, as it aflfords 
a method of distinguishing between the factors C and F, which is of 


Table i 

Percentage of spotted seeds on cars with a dihybrid ratio of white to colored seeds. 


Pedigree 

number 

Total 

number 

Number 

colored 

Number 

spotted 

Per- 
centages 
of total 
spotted 

Percentage 
of colored 
that are 
spotted 

Percentage 
of white 

2250 

86 

52 

5 

5.8 

9.6 

39-5 

2261 

648 

369 

104 

16. 1 

28.2 

43.0 

2262 

438 

252 

53 

12. 1 

21. 1 

424 

2263 

251 

153 

36 

14.3 

23.5 

39.0 

2264 

517 

278 

75 

14.5 

27.0 

46.4 

2365 

345 

199 

49 

14.2 

24.6 

42.3 

2266 

606 

332 

83 

13.7 

25.0 

45-2 

2301 

218 

124 

35 

16. 1 

28.2 

43.2 

2302 

435 

259 

86 

19.8 

33.2 

404 

2311 

178 

no 

28 

15.7 

' 254 

38.2 

2312 

244 

131 

31 

12.7 

23.7 

46.4 

2315 

508 

288 

100 

19.7 

34.7 

43.3 

2316 

480 

254 

8 s 

17.7 

334 

47.1 

2324 

283 

168 

61 

21.5 

36.3 

40.6 

2325 

159 

89 

30 

18.9 

33.7 

44.0 

2326 

309 

177 

55 

17.8 

31.I 

42.7 

2331 

294 

174 

46 

15.6 

26.4 

40.8 

2332 

526 

286 

104 

19.8 

36.4 

45.6 

2336 

392 

221 

72 

18.3 

32.6 

43.6 

2339 

595 

358 

129 

21.7 

36.1 

39.8 

2340 

537 

285 

97 

18.1 

34.0 

47-0 

2342 

357 

208 

70 

19.6 

33.6 

41.7 

2343 

265 

139 

43 

16.2 

30.9 

47.5 

2347 

395 * 

226 

80 

20.3 

354 

42.8 

2348 

44 ' 

26 

5 

11.4 

19.2 

41.0 

2350 

311 

165 

64 

20.6 

38.8 

47.0 

2351 

52 

29 

10 

10.2 

34.5 

44.3 

2352 

565 

320 

89 

15.8 

27.8 

43.4 

2353 

230 

135 

73 

31.7 

54.1 

41.3 

2356 

454 

268 

80 

17.6 

29.8 

41.0 

2358 

251 

148 

44 

17.5 

29.7 

41.0 

2359 

SI2 

309 

105 

20.5 

34.0 

39.6 

2364 

526 

1 286 

75 

14.3 

26.2 

45.6 

236s 

34 

1 13 

3 

8.8 

23.1 

61.7 

2366 

407 

252 

89 

21.8 

35-3 

38.1 

Total 

12452 

7083 

2194 

17.6 

304 

43.2 
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importance in analyzing the inheritance of spotted seeds, as will appear 
later. 

All the ears with a dihybrid ratio of white to colored seeds had some 
seeds that were spotted. The percentage of the total seeds that showed 
spotting was 17.6 ± .236, but since spotting can be detected only when 
the seeds are colored, it would seem that the percentage of spotted seeds 
on an ear should be determined by the percentage of colored seeds that 
are spotted. If this assumption is admitted the percentage of spotted 
seeds becomes 30.4 ± .277 for these hybrid ears. 

The ears having a monohybrid ratio of white to colored seeds fell 
into two groups as regards spotted seeds — those having some of the 
seeds spotted and those without any spotted seeds. 

Disregarding for the present those ears without spotted seeds, the 
percentage of spotted seeds on the others is 21.7 ±: .27, but the per- 
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centage of colored seeds that are spotted is 29.4 ±: .30, essentially the 
same percentage as was observed on the ears with a dihybrid ratio of 
white to colored seeds (see table 2). The percentage of spotted seeds 
based on the total can not, of course, be alike on ears with monohybrid 
and dihybrid ratios of white to colored seeds, since the latter class has 
a relatively larger percentage of the total seeds white. 

A plant of the hybrid Dh420 when crossed with a plant of the hybrid 
Dh4i7 resulted in the production of an all-colored ear. A similar result 
was secured when a plant of the hybrid Dh4i5 was crossed with another 
plant of the hybrid Dh4i7. The assumption in these cases is that one 
of the plants is genotypically constituted CCRr and the other CcRR, 
These two all-colored ears had 29.1 ±: .82 of the seeds spotted (table 3). 
They are represented diagrammatically in figures 2 and 3 (pp. 272, 273). 

Thus it is seen that ears with a dihybrid and those with a hybrid 
ratio of white to colored seeds, as well as ears having all of the seeds 
colored, have essentially the same percentage of the colored seeds 
spotted, provided, of course, that they have spotted seeds at all. 

Combining the three classes of ears, those with a monohybrid and 
dihybrid ratio of white to colored seeds as well as the two ears having 
all the seeds colored, the percentage of colored seeds that are spotted 
is found to be 29.9 =b .19. This percentage at first glance might be 
considered an approximation of the 25 percent expected for a simple 
monohybrid ratio, but the deviation is 23.8 times the probable error. 


Table 3 

Percentage of spotted seeds on cars having all the seeds colored. 


Pedigree 

number 

Total 

number 

Number 

colored 

Number 

spotted 

Per- 
centages 
of total 
spotted 

Percentage 
of colored 
that are 
spotted 

Percentage 
of white 

2254 

699 

699 

191 

27.3 

27.3 

0 

2361 

608 

608 

189 

311 

3I-I 

0 

Total 

1307 

1307 

380 

29.1 

29.1 

0 


As all of the ears having a dihybrid ratio of white to colored seeds 
had some of the seeds spotted and, further, as approximately one-half 
of the ears with a monohybrid ratio of white to colored seeds (the pro- 
geny of the hybrid Dh4i6 omitted) had some of the seeds spotted, it 
would appear that when a plant is heterozygous for one of the factors 
for aleurone color some of the seeds are spotted. 
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Confining the analysis to those ears which were the result of self- 
pollination it is found that when there is no correlation between aleurone 
color and endosperm texture all the ears have some spotted seeds, and 
conversely (if two ears having only slightly more than one percent of 
the seeds spotted are disregarded) when there is a correlation, none of 
the ears has spotted seeds. The distribution is then as follows : 



Some seeds 

No seeds 


spotted 

spotted 

Aleurone color and endosperm texture correlated 

0 

8 

Aleurone color and endosperm texture not correlated 

7 

0 


The factor for color correlated with endosperm texture has been 
designated C; therefore, when an ear is secured with a correlation be- 
tween aleurone color and endosperm texture, the parents must have been 
heterozygous for the factor C, and if the ratio of colored to white seeds 
approximates 3 to i, the parent must also have been homozygous for the 
factor R. 

The above four-fold distribution establishes the fact that in the pres- 
ence of a spotting factor, S, spotted seeds occur only when the factor 
uncorrelated with endosperm texture, R, is heterozygous. Since in these 
ears the factor C is homozygous, it remains to ascertain whether it is the 
homozygous C or the heterozygous R that determines the occurrence of 
spotting. This question is answered by the fact that spotted seeds are al- 
ways found on ears with a dihybrid ratio of white to colored seeds. 
Since the parents of such ears were heterozygous for C, it follows that 
spotting is not dependent on C being heterozygous, and the alternative 
must be accepted, that spotting occurs only when the factor R is hetero- 
zygous. 

A further refinement of this statement is necessary to account for 
spotted seeds on the two ears which were the result of crossing two 
plants, one genot3q)ically constituted CCRr, the other CcRR, These 
ears were of course all colored but had 29.1 percent of the seeds spotted 
(table 2). 

It is found that when the self-pollinated female parent produces some 
of the colored seeds spotted, and the male parent all the colored seeds 
self-colored, crossing these two will result in the production of an ear 
having some of the colored seeds spotted; but if this parentage is reversed 
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the female parent, when self -pollinated, producing all of the colored seeds* 
self-colored, and the male parent producing some of the colored seeds 
spotted, a cross between them will have all the colored seeds self-colored. 
This harmonizes with the assumption that spotting can be detected only 
when the maternal parent is heterozygous for the factor R or homozy- 
gous for its allelomorph r. On this assumption the Chinese parent of 
the hybrids Dh4i7 and Dh4i8 must have been heterozygous for the fac- 
tor R, and since both monohybrid and dihybrid ears were produced, all 
having correlations between aleurone color and endosperm texture, the 
genotypic composition must have been ccRrss, and the genotypic com- 
position of the Algerian parent of these hybrids must have been CCRRSS. 

The Chinese parent of Dh4i 5 and Dh420 must have had the genotypic 
composition Ccrrss, the Algerian parent having the composition 
CCRRSS, since the progeny of these reciprocals had both monohybrid 
and dihybrid ratios, but the ears with a monohybrid ratio of white to 
colored had no correlation between aleurone color and endosperm tex- 
ture. These ears were, therefore, homozygous for the factor C. 

Since the hybrid Dh4i6 was not spotted and its progeny all had a 
monohybrid ratio of white to colored seeds, and since all of these ears 
had a correlation between aleurone color and endosperm texture, the 
Chinese parent must have been genotypically constituted ccRRss, and 
the Algerian parent must have been constituted CCRRSS, similar to the 
other Algerian plants. The progeny of this cross are all homozygous 
for the factor R; no spotted are to be expected and none was observed. 

The evidence therefore appears complete that spotted seeds occur only 
when the female parent is heterozygous for the factor uncorrelated with 
endosperm texture, this factor being designated R. 

It is obvious from the genotypic composition necessary for the appear- 
ance of this type of spotted seeds that a strain having all of the colored 
seeds spotted can not be obtained, although it is ix)ssible to secure strains 
that will always have some of the colored seeds spotted. 

Thus, spotting can be observed when the female gamete is of the 
class CrS, and the male gamete cRS, CRS, cRs, or CRs, or the female 
gamete of the class Crs and the male gamete either cRS or CRS, or the 
lemale gamete crS and the male gamete CRs or the female gamete crs 
and the male gamete CRS. A plant which will produce these gametic 
classes must be heterozygous for the factor R, and since this is true some 
of the female gametes will be of the class CRS. And though the zygote 
will be colored regardless of the composition of the male gamete, it will 
not be spotted. 
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Since in this type of spottii^ the zygotes are heterozygous for the 
factor R, no ears bearing all the seeds colored should be obtained from 
self-pollinating plants grown from spotted seeds, while if the spotted 
seeds were not heterozygous for the factor R, self-pollinating plants 
grown from spotted seeds, secured from ears with a ratio of 3 colored 
to I white, should give one third of the ears with all the seeds colored. 
At the present time 90 plants have been grown from spotted seeds of 
these hybrids, but none of the ears from these plants has had all of the 
colored seeds spotted or all of the seeds colored. 

As a further test several plants grown from spotted seeds were crossed 
with a strain called “R tester” secured from R. A. Emerson and all 
proved to be heterozygous for R. It is known that varieties of maize 
having all of the seeds minutely spotted are grown by the North Ameri- 
can Indians. These varieties breed true for spotting, and it is hoped 
that by the end of another season it will be possible to determine the rela- 
tionship of this t3rpe of spotting to that represented by the hybrids under 
discussion. 

ASSOCIATION OF SPOTTING AN0 ALEURONE FACTORS 

Having satisfied ourselves that spotting appears only when the female 
parent is heterozygous for the factor for aleurone color, R, attention 
may be turned to the rather unusual percentage of spotted seeds. The 
percentage of colored seeds that are spotted prevents any very simple 
explanation on the basis of multiple factors. 

A satisfactory approximation of the observed percentage may be ob- 
tained by assuming a coupling or linkage between the factor for aleu- 
rone color, R, and a dominant spotting factor, S. 

The best fit is secured by assuming the gametic ratio to be 7 : i : i : 7, 
the combination RS and rs being 7 times as numerous in the gametes as 
the combinations rS and Rs. This ratio may be the result of the two 
factors being located on the same clyomosome and separated by 12.5 
units, or the cells bearing the associated factors may divide or redupli- 
cate 7 times as fast as the cells bearing the odd combinations. 

On this assumption a plant which, when self-pollinated, produces an 
ear with a monohybrid ratio of white to colored seeds, with no correla- 
tion between aleurone color and endosperm texture, and having some 
spotted seeds, would be making the gametic classes shown in diagram i. 

Such a series will give 135 self-colored to 57 spotted seeds or 29.68 
percent of the colored seeds spotted, which is a very close approximation 
to the observed percentage 29.4 ± .30. 
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7 CRS I CRs I CrS 7 Crs 
7 CRS Self Self Self Self 

I CRs Self Self Self Self 

I CrS Spot Spot White White 

7 Crs Spot Self White White 

Diagram i. 

Continuing with the assumption that the factor for color, and the 
factor for spotting, S, are correlated in the gametes in a ratio of 
7 : 1 : 1 : 7, self -pollinating a plant heterozygous for both color factors, 
C and R, as well as the spotting factor, S, would give an ear with the 
following zygotic classes (Diagram 2) : 

71177117 

CRS CRs CrS Crs cRS cRs crS crs 

7 rR<: 49 7 7 49 49 7 7 49 

7 Self Self Self Self Self Self Self Self 

t 7 I I 7 7 I I 7 

' Self Self Self Self Self Self Self Self 

I rf <7 7 I I 7 7 I I 7 

* Spot Spot White White Spot Spot White White 

^ 49 7 7 49 49 7 7 49 

* ^ Spot Self White White Spot Self White White 

7 /.PV 49 7 7 49 49 7 7 49 

^ Self Self Self Self White White White White 

T rPr 7 I I 7 71 I 7 

^ ^ Self Self Self Self White White White White 

T 7 I I 7 71 I 7 

* Spot Spot White White White White White White 

- 49 7 7 49 49 7 7 49 

' ^ ^ Spot Self White White White White White White 

Diagram 2. 

The ratio of self-colored to spotted seeds is 405 to 171, the same ratio 
as in the monohybrid ears and in accord with the observed ratios. From 
this evidence it would not seem unreasonable to assume that the spotting 
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on these seeds is due to a dominant partial-inhibiting factor which is 
linked or coupled with the factor for color, in a ratio closely approxi- 
mating 7 : 1 : 1 : 7. 

For the two ears with all seeds colored obtained by crossing two first- 
generation plants, both of which when self-pollinated produce ears with 
a monohybrid ratio of white to colored seeds, the percentage of spotted 
seeds should be reduced from 29.68 to 28.1. 

These two ears are represented in figures 2 and 3. 

PUnt 2170 2169 22 08 



Fed ZZS6 2 254 2505 

Figure 2 . — Showing the relationship of ear 2254 which had all the seeds colored. The 
female parent of this ear when used as the male parent of 2256 produced 19.3 percent 
of the colored seeds spotted and produced no spotted seeds when used as the male 
parent of ear number 2305. The coefficients of association indicated on the ears 
2256 and 2305 refer to the correlation between endosperm texture and aleurone color. 

It is seen from this diagram that the male parent was making gametes 
CRS, CRs, cRS, cRsy and the female parent CRS, CRs, CrS, Crs, It is 
observed that no reduplication can occur in the gametes of the male 
parent between the factors R and S, as all of the gametes possess the 
factor R. In the female gametes, however, a 7 : i : i : 7 reduplication 
can be obtained. The gametic composition of the parents and the re- 
sulting zygotic classes are shown in diagram 3. 

Were it not for the peculiar fact that spotting can appear only when 
the female gametes do not possess the factor R, the result of the gametic 
reduplication in the female gametes would not be apparent in the 
zygotes, ^^nd 37.5 percent of the seeds would be expected to be spotted. 
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PUnt 7.17 1 2216 2 2 70 



Ped. 2360 2361 2337 2356 

Figure 3. — Showing the relationship of ear 2361, an all-colored ear, with 31. i percent 
of the seeds spotted. This ear was borne on the same plant, which when self-pollinated 
produced ear 2360. This ear (2360) had approximately 25 percent of the seeds white. 
The coefficients of association indicated on the ears 2360, 2357 and 2356 refer to the 
correlation between endosperm texture and aleurone color. 
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Diagram 3. 


The present assumption, however, gives a ratio of 46 self-colored to 
18 spotted, or 28.1 percent spotted. The observed percentage for the 
two ears was 29.1 ± .82. The numbers are not sufficient to discrim- 
inate between the percentages 29.1 and 28.1, but the facts do not violate 
the assumption and the observed percentage of spotted seeds is actually 
lower in the ears with all the seeds colored. 
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CONCLUSIONS 

Reciprocal crosses between maize plants having white and colored 
seeds sometimes differ in the distribution of the aleurone color. 

The seeds of some of the ears borne on white-seeded plants, if polli- 
nated from colored plants, have the aleurone color distributed in numer- 
ous small spots, while the reciprocal crosses are self-colored. 

The spotting is assumed to be due to a dominant spotting factor, S, 
which is in the nature of a partial inhibitor. 

From the results of this investigation it would seem that the factor 
which causes spotting can operate only when the factor R is heterozygous 
and furthermore is not present in the female gamete but is introduced 
into the zygote by the male gamete. 

As the male gamete contributes but one nucleus while the female 
gamete contributes two, the difference between reciprocals may be as- 
cribed to the fact that the female parent contributes twice as much 
chromatin material as the male parent. 

It would appear, therefore, that a single nucleus does not contain 
enough of the factor R to produce a self-colored seed in the presence of 
the dilution factor 

The percentage of spotted seeds and the fact that spotted seeds are 
found only on those self-pollinated ears which have no correlation be- 
tween aleurone color and endosperm texture, has led to the conclusion 
that there is a coupling or linkage between the factor for aleurone color, 
R, and the factor for spotting, S. 

It is to be noted further that the gametic ratio in these hybrids 
is an approximation to a 7: i : i : 7 series, equivalent to the location of 
the two factors on the same chromosome, 12.5 units apart. 
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A female, just hatched, havirig wings serrated or notched at the 
end, was found in the purple stock bottle, October 7, 1918. In order to 
test whether this character was due to a new mutation the female was 
mated to males from an unrelated stock. The majority of her few Fj 
daughters had typically ‘'notch*’ wings quite like the females in the old 
stocks called notch (see Morgan and Bridges 1916). Later crosses in 
which larger numbers were obtained always gave notch females, nor- 
mal females, and normal males in equal numbers, but no notch males, 
showing that the mutant was a sex-linked dominant, acting in addition 
as a lethal in the male, precisely like the old notch. It was possible to 
ascertain that the purple stock had not been contaminated. The char- 
acter was accordingly considered as due to a reappearance of the old 
notch gene. Notch was known to have reappeared six times since it 
first occurred. 

In order to find out whether the location of the new notch ("notchg” ) 
gene was identical with that of the earlier ones, two cultures were raised 
in which a red-eyed notch^ female was crossed to males carrying the 
sex-linked recessive genes eosin (eye color) and crimson (eye color). 
These genes are located fairly near to the left and to the right respectively 
of the old notch gene. 

When the flies hatched, a paradoxical result was obtained : All the 
notchg daughters, instead of being red-eyed as expected, had a yellowish 
eosin-like eye color. Since the normal-winged daughters did not show 
this exceptional eye color, the latter could not be due to a duplication of 
the eosin gene in the X chromosome received from the eosin crimson 
fathers, and it was at once regarded as probable that the appearance of 
Fj eosin notch females was due to a “deficiency” (Bridges 1917) in the 
^ From the Zoological Laboratory of Columbia University. 
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X chromosome containing the notchg gene. If a deficiency, i.e., loss or 
inactivation, of a piece of the X chromosome carrying the normal allelo- 
morph for eosin were present in the notchg flies, notchg females hetero- 
zygous for eosin would be somatically eosin, or lighter, with regard to 
eye color. 

An important support for the deficiency-explanation was found in the 
fact that males which received the notchg chromosome all died. Bridges 
(1917) had shown that bar-deficiency acted as a lethal for the male. 
Moreover, notch females from two of the earlier notch stocks, in crosses 
to males carrying the recessive sex-linked gene for facet (eyes), located 
near to the left of notch, had given notch-facet females in (Metz and 
Bridges 1917). 

When it was taken into consideration that notchg which had a pecu- 
liar effect on eosin analogous to that previously obtained with facet, also 
agreed with old notches in a series of somatic respects, as will be pointed 
out later, it was regarded as probable that the character notch itself 
might be due to deficiency and not to a gene of the common kind. 
If this were true it was to be expected that the deficiency in the notch, 
flies covered a region extending at least from eosin (at i.i) to the locus 
of the old notch (at 2.6), a distance of 1.5 units. This was an extra- 
ordinarily favorable case for further analysis, since the following mu- 
tant genes were present in this region of the X chromosome : White and 
its 8 allelomorphs, one of which is eosin (at i.i), facet (at 2.2) and the 
gene for the dominant sex-linked character abnormal abdomen (at 2.4). 
Two of these characters, viz., eosin and facet, were in addition sex-lim- 
ited, both being much more extreme in males than in females. 

On the basis of the working hypothesis mentioned, it could be pre- 
dicted that notchg females, when crossed to males carrying the recessive 
sex-linked genes just spoken of, would give notch, daughters which, in 
spite of being heterozygous, would show the characters. By crossing 
notchg females to males carrying other sex-linked genes to the left and 
to the right of this region it would be seen in F^ if other loci also were 
included in the deficient region, and a preliminary measure of the extent 
of the deficiency could in this way be obtained. 

The result of these crosses proved the hypothesis to be correct. White 
and all its allelomorphs manifested themselves in the heterozygous Fj 
notchg females; so also did facet. Abnormal abdomen, being partially 
dominant, would be expected to appear to some extent anyhow. Special 
facts with regard to the latter cross will be given later. None of the other 
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sex-linked genes (those to the left and right) showed in the notchji 
females. The gene nearest eosin to the left is the recessive broad 
(wings), (at 0.4), the one nearest to the right of the old notch is the 
recessive echinus (eye), (at 5.6). It could accordingly be concluded 
that the deficient region was not long enough to cover this distance, 5.2 
units. 

The examination of the Fj notchg females heterozygous for the allelo- 
morphs of white or for facet or abnormal abdomen revealed a new and 
iniix>rtant fact. The notchg flies heterozygous for an allelomorph of 
white had a lighter eye color than the flies in the corresponding stocks. 
This exaggerating effect of deficiency was especially striking in notch 
flies heterozygous for the darker allelomorphs of white, such as cherry, 
coral or blood. Similarly heterozygous notchg facet females had much 
more extreme facet eyes even than the facet males. Also the notchg fe- 
males heterozygous for abnormal abdomen had a more marked abnormal 
abdomen than their heterozygous abnormal-abdomen sisters, though this 
difference was less pronounced than was the case with regard to facet. 
This result indicated that the deficiency exaggerates the effect of all the 
mutant genes present in the corresponding region of the other X chro- 
mosome. 

To test this point under optimal conditions, deficiency notchg females 
heterozygous for white or the allelomorphs of white were back-crossed 
in pair matings to males from the white or to the corresponding white- 
allelomorph used in the cross. The not-notch females among the progeny 
were homozygous for the allelomorph of white used, and direct compari- 
son was made between them and the eye colors modified by notch. The 
result of this experiment fully confirmed the earlier observation. The 
notchg flies always had lighter and more transparent eyes than their 
homozygous sisters. This effect of deficiency could be detected even 
in notch flies heterozygous for the lighter eye colors belonging to the 
white-allelomorph series. 

An exaggerating effect of deficiency on other light eye colors was ob- 
served in other experiments. When the deficiency notchg was present in 
flies homozygous for the sex-linked genes vermilion and garnet, these 
eye colors were markedly lighter than in the not-notch sisters. Like- 
wise notchg females homozygous for pink, the gene of which is in the 
third chromosome, showed a lighter eye color than homozygous pink flies. 
No similar effect on the darker eye color sepia in the third chromosome 
could be observed. 

From these tests it was seen that deficiency notchg acted very much 
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like the factor for white itself. For, not only are compounds of white 
with its allelomorphs lighter than the later allelomorphs when homozy- 
gous, but the gene for white when present in heterozygous condition has 
also a diluting effect on some other eye colors, such as pink (Morgan 
and Bridges 1913). 

It was found, however, in the course of the above experiment, that 
deficiency seemed to have an even more pronounced effect than white 
itself was known to have. To ascertain this point, notchg females hetero- 
zygous for white were back-crossed in pair matings to males carrying the 
different allelomorphs of white. This would be a decisive experiment 
since the notchg daughters would have deficiency in one chromosome 
and the allelomorph of white in question in the other, while their sisters 
would have white in one chromosome and the same allelomorph in the 
other. The comparison could in this way be carried out under absolutely 
equal conditions, since the flies to be compared were raised in the same 
culture and derived from the same parents. 

The result of this experiment proved the correctness of the above 
supposition. The deficiency-allelomorph compound was always some- 
what lighter and more transparent than the corresponding white-allelo- 
morph compound. Even in the lighter eye colors of the allelomorphic 
series the females could be separated on the basis of this difference in eye 
color. Deficiency notchg acts accordingly as a sub- or infra-white. 

The marked exaggerating influence of the deficiency notchg on the 
effect of all the mutant genes located in the corresponding region of the 
other X chromosomes, could hardly be brought into accord with the ear- 
lier conception that deficiency represented a physical loss or a total inacti- 
vation. It was accordingly regarded highly desirable to be able to com- 
pare a notchg female heterozygous for one of the darker allelomorphs of 
white with a non-disjunctional XO male carrying the same allelomorph 
in its X chromosome. Such a male would ^ow the effect, if any, of the 
total loss, since it has only one X chromosome, the entire Y chromosome 
being absent. No such efifect in the XO males had previously been re- 
corded, but much attention could hardly have been paid to this special 
point. 

By chance, a non-disjunctional XO cherry male occurred in a cross 
between a notch, female and a cherry abnormal-abdomen male. This 
male could accordingly be compared with his own notch sisters heterozy- 
gous for cherry. That the male in question really was of the above non- 
disjunctional type could be ascertained by the fact that though tested 
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with six females, he proved to be sterile, since Bridges (1916) has 
demonstrated that non-dis junctional XO males are always sterile. This 
XO cherry male had the ordinary dark eye color of regular cherry males, 
much darker than that of his heterozygous deficiency-cherry sisters. 

An analogous exaggerating effect of deficiency was, as mentioned, 
observed with regard to facet. Heterozygous facet-notchg females have 
a rough eye much more extreme than that of facet males, which in turn 
show the facet character much more pronounced than homozygous facet 
females. Moreover, the- wings of the heterozygous notch-facet females 
were always very much modified, being constantly very markedly 
notched at the ends and in addition along the sides, so that the whole 
wing had a spade-like form. These squared-off wings were in addition 
extended, forming an angle with each other. When the facet stock was 
looked over it was obser,ved that facet flies showed a tendency to a slight 
notching of the ends of the wings, most frequent in the males. The modi- 
fied wing of heterozygous notchg-facet females was accordingly regarded 
as an expression of this tendency to notching produced by the ordinary 
facet gene, exaggerated, in this case, by its combination with the defi- 
ciency notchg. 

With regard to the notchg X abnormal-abdomen crosses it should be 
noticed that the dominant character abnormal abdomen demands special 
conditions in the culture bottle to manifest itself (Morgan 1915). It 
would be regarded a priori as fairly probable that the deficiency, exagger- 
ating the effect of the genes in the opposite region, would cause a domi- 
nant character of this type, which had its gene within this region, to 
manifest itself in notchg flies heterozygous for abnormal abdomen, 
even if the culture conditions were not favorable for a general manifes- 
tation of the character. This was found, however, not to be the case. 
Several crosses were made up by mating notchg females to abnormal- 
abdomen males in which cultures the latter character failed to show in 
Fi either in the notch or in the not-notch females. In later experiments, 
however, where the attempts to create the special conditions necessary 
for the development of abnormal abdomen were successful, it was found 
that notch females generally had a more marked abnormal abdomen than 
their heterozygous, not-notch sisters. 

Summing up, we find that the deficiency notchg resembles the earlier 
described bar-deficiency in the fact that, when it is present, recessive 
genes in that region which is homologous to the deficient region manifest 
themselves when present in heterozygous condition. Like the bar-defi- 
ciency, too, this new deficiency also acts as a lethal in the males. 
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But in addition to allowing them to show, this new deficiency exagger- 
ates the effect of all known mutant genes located in the corresponding 
region of the opposite X chromosome. This effect was not observed in 
the case of bar-deficiency. 

The analysis of bar-deficiency led to the conclusion that deficiency 
was due to a physical loss or a total inactivation of an entire region of a 
chromosome. These alternatives, loss or inactivation, can hardly be 
maintained as an explanation of the case of deficiency here described. 
This deficiency is shown to have a striking general effect on all mutant 
genes in the corresponding region of the other X chromosome. It would 
be very difficult to conceive that this effect could be caused by a total loss 
or a complete inactivation, for it has been demonstrated that the total 
absence of one sex chromosome in a non-dis junctional XO male (which 
contains not even a Y chromosome) had not the slightest effect upon a 
mutant character (cherry) which was markedly changed by the defi- 
ciency notchg. 

Moreover, ordinary males (XY) carrying one of the allelomorphs of 
white are all, except eosin, of just the same eye color as females homozy- 
gous for the same allelomorph. 

Thus, if the deficiency were regarded as a total loss or a complete in- 
activation we should be confronted with the situation that, whereas a 
single gene in the female gives the lighter eye color seen in the heterozy- 
gous notchg flies, two genes together in the female give an eye color ex- 
actly like that of the male carrying one gene. This would be a too 
strange coincidence when we remember that it applies to six genes of very 
different grades of eye color. 

It has been shown that deficiency notchg exaggerates the effect of all 
the known mutant genes located in the corresponding region of the other 
X chromosome. The visible result is that flies carrying the deficiency in 
one chromosome and one of these genes in the other are further removed 
from normal, than is the case in homozygous females or males carrying 
the satne gene. 

The question arises accordingly if normal genes in the region opposite 
to the deficient piece are not also influenced in a similar way. 

To some extent this seems to be the case. The series of somatic ab- 
normalities found in the notchg flies ix)ints in this direction. Thfe’hotchg 
flies are different from wild-type flies in the following respects: The 
wings are irregularly nicked at the ends, and often somewhat extended 
forming an angle with each other ; certain veins are thickened ; the eyes 
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are generally small and show a slight tendency to roughening; the acros- 
tical hairs are irregular in their distribution, not arranged in definite 
rows as is the case in the wild-type fly; extra scutellar bristles are apt 
to appear. 

It is natural to suppose that these somatic peculiarities are a result 
of the modification of the effects of one or more of the normal genes in 
the region opposite to the deficient piece, similar to that which has been 
demonstrated in the case of the mutant genes. It is superfluous to regard 
the character notch as due to an independent specific mutant gene con- 
tained in or linked to the deficient region. 

It would seem probable that many normal genes are contained in such 
a piece of the X chromosome as that opposite to the deficient region. 
The fact that more extensive alterations are not caused when the deficient 
chromosome is present could perhaps be said to point in the direction 
that the normal genes must have different ix)tencies. The mentioned 
mutant genes and some of the normal ones in the region opposite are 
affected, while other normal genes, supposedly present in the same region, 
are not visibly influenced. 

In connection with the description of this case of deficiency the remark- 
able fact might be recalled that a majority of the known dominant genes 
in Drosophila are lethal when homozygous, like yellow body color in mice. 
Notch itself was in fact previously placed in this group (Muller 1917). 
The notchg case is the first in which an explanation of this peculiar rela- 
tion has been possible. It might very well be that some of the not-sex- 
linked cases of this type are also due to deficiency. The lethal effect of 
the genes in homozygous condition is just what was to be expected if 
this were true. Deficiency may be a more common phenomenon than so 
far regarded probable. If the region opiX)site to the deficient piece did 
not contain mutant genes or normal ones which are modified in their 
effect in the presence of the deficiency, the deficiencies would not be re- 
corded as such, but only as lethals. Some of the numerous lethals in 
Drosophila may be due to such deficiencies. 

The data obtained concerning the effect of deficiency notchg on the 
process of crossing over will not be presented here. It should only be 
said that no crossing over takes place within the deficient region. The 
presence of deficiency seems also to influence in a special way the amount 
of crossing over in the neighborhood of the deficient region. Prelimi- 
nary linkage tests indicate that the deficient region extends somewhat to 
the left of eosin and considerably to the right of facet, in fact to within 
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0.7 unit of echinus, making at total length of about 4.8 units. This in- 
dicates that the extent of the notchg deficiency is so considerable that a 
cytological examination might throw light on the physical nature of 
deficiency. 

It should be mentioned that of the previously recorded notch muta- 
tions two were tested in crosses to facet and proved to be deficiencies 
for this locus (see above). Five were used in experiments in which they 
were crossed to white or its allelomorphs, but these genes did not mani- 
fest themselves when heterozygous in the notch flies.. Deficiencies in 
this region of the X chromosome may accordingly differ in length and 
still give the notch character. 

The author acknowledges with gratitude his indebtedness to Dr. 
Morgan, Dr. Bridges and Dr. Muller for their help during the work. 
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INTRODUCTORY 

There seems to be an impression that the great majority of mutants 
of Drosophila are comparatively simple in their genetic behavior. Be- 
cause of their superior usefulness the mutants whose inheritance is clean- 
cut have been practically the only ones employed in the experiments for 
the analysis of genetic phenomena. Other mutants occur, and not infre- 
quently, which must be made the objects rather than the tools of inves- 
tigation. In the following paper is given an account of sfich a charac- 
ter, ‘Vortex.’’ 


ORIGIN OF THE VORTEX CHARACTER 

In looking over the “California wild” stock of Drosophila inclano- 
gaster in November 1913, an occasional fly was found which showed on 
the thorax a pair of “rosettes”; that is, in the areas lateral to the dorso- 
central bristles the microchaetae or small hairs were arranged in a pair 
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of whorls. Specimens of this character were noticed on other occasions, 
but no breeding work was done until August 7, 1916, when a female was 
found that had in addition to the posterior rosettes an anterior pair. 
This female gave rise to the stock ‘Vortex, with which the present 
work has been done. 

DESCRIPTION OF THE VORTEX CHARACTER 

In appearance and in degree of development the vortex character is 
quite variable. In the modal condition (figure ib) two brown-pigmented 
spots are present, located lateral to and midway between the anterior and 
posterior dorso-central bristles. The pigment lies in the walls of an in- 
dentation or funnel that extends more or less deeply into the thorax. 
The microchaetae for a considerable area around this focus are arranged 
in a whorl. Also the dorso-central bristles, especially the anterior pair, 
are involved in the whorled formation. 

In niore pronounced specimens (figure ir) these vortices are much 
more conspicuous and the central funnel is partly evaginated like the 



Figure i. — The mutant character vortex, a represents a “slight” type (S) with 
no anterior vortices; b represents the “modal” type ($) with conspicuous funnel-like 
vortices ; c represents an “extreme” type with everted funnels, and an anterior pair of 
vortices, a shows a symmetrical development that is fairly common. 

finger of a glove, or even wholly evaginated into a horn-like elevation. 
In these extreme specimens an anterior pair of whorls is also developed. 
These anterior vortices are never as pronounced as the posterior ones. 

In the “slight’' cases (figure la) only the rosette-like arrangement of 
the hairs, or only a small brown pigmented depression indicates the char- 
acter. A very small proportion of the individuals, genetically the same 
as the others, entirely fail to show the character, and are somatically 
normal. 



INHERITANCE OF THE MUTANT CHARACTER ^‘VORTEX” 285 

All intergrades between this complete absence of the character and its 
fullest expression are met with in the same culture, although the bulk of 
the individuals are of the ‘'modaF’ type. 

In general the degree of development is approximately the same on 
the two sides. But within all grades there may be asymmetrical develop- 
ment of the character, so that the anterior vortex on one side may be 
absent giving a tri-vortex condition; also uni-vortex individuals are 
not uncommon. 

The character is sex-limited to a considerable degree; i.e., females ex-^ 
hibit a higher grade of the character than do the males. The slight 
grades are preponderantly males and those few individuals that fail to 
‘‘how the character are practically always males. 

The vortex flies do not differ from wild flies in any other respect 
that we have observed, and they are of good viability. 

THE BIGENIC NATURE OF THE VORTEX CHARACTER 

The first test usually made with a mutant character is the determina- 
tion of the chromosome to which its gene belongs. The most approved 
method for doing this is to cross the flies in question to flies carrying 
the dominant characters star and dichaete, star being in the second 
chromosome (at 0.0) and dichaete in the third (at 11.7). By means of 
back-cross tests of the star dichaete males it is possible to ascertain 
whether the gene for the mutation lies in the second or the third chro- 
mosome or whether it is independent of both. The star dichaete back- 
cross method takes advantage of the fact of no crossing over in the male. 
Thus, if the gene for the mutant in question is in the second chromosome 
all the back-cross progeny will fall into two classes, namely, those show- 
ing star and those showing the mutant, with a total absence of individ- 
uals showing both star and the mutant, or, conversely, neither. 

Accordingly, the original vortex female was at once out-crossed to a 
star dichaete male. Apparently this female was non-virgin and had al- 
ready been fertilized by a brother heterozygous for vortex, since of the 
Fj offspring, 17 showed the character vortex while the remaining 61 did 
not show vortex but did show the star and dichaete in all combinations 
but with some excess in the wild-type class ( culture 4955, Aug. 17, 
1916).^ 

The fact that criss-cross inheritance was not shown — that among the 
1^3 males none of the stars or dichaetes showed vortex — proved that the 
character is not sex-linked. 
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The fortunate presence of the vortex flies in the Fi culture bottle gave 
immediate materials for making the desired back-cross test. Four back- 
cross cultures were raised from matings between sister vortex females 
and Fj males heterozygous for star, dichaete and vortex. 


Table i 

Pi mating, star dichaete male by vortex female; back-cross mating, vortex female by 

F, star dichaete male. 
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The first point observed was that none of the back-cross star flies 
showed the vortex character. This linkage between star and vortex in- 
dicated that a second-chromosome recessive was essential for the produc- 
tion of vortex. Aside from two female exceptions none of the dichaete 
flies was vortex ; by the same reasoning it is then obvious that the produc- 
tion of vortex dei>ends also upon the action of a third-chromosome reces- 
sive gene. That is, the vortex character is the product of the simultan- 
eous action of two independent genes, one in the second and one in the 
third chromosome. 

If the above hypothesis is correct the vortex class should appear as one 
quarter of the offspring of such a back-cross test. In fact, the vortex 
individuals totaled 104 out of 520 or 21.2 percent, which is a fairly 
close approximation to the 25 percent expected. Furthermore,«taking 
account of the fact that there is no crossing over in the male the back- 
cross flies should be in the ratio i vortex : i star : i dichaete : i star di- 
chaete, which is approximated in the observed ratio 102 vortex; 100 star 
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: 85 dichaete : 1 52 star dichaete, although the star dichaete class is too 
large. 

There were two further points in which the results failed to agree 
with the simple explanation thus far suggested. Two dichaete vortex 
females occurred, which were explained by the assumption that occasion- 
ally an individual homozygous for vortex II and heterozygous for vortex 
III shows the character. Later work has confirmed this hypothesis, for it 
has shown that the vortex III gene is not strictly recessive in flies homo- 
zygous for vortex II. The second point is the occurrence of the large 
and unexpected class of wild-type flies. An explanation for some of 
these wild-type flies was obtained when vortex flies were bred together 
(table 2). 


Table 2 

Progeny from crosses of vortex female by vortex male. 
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In making the counts of table 2 it was apparent that especially in the 
males a considerable proportion (about 20 percent) , showed the charac- 
ter to a very slight extent. It is probable that some of the so-called wild- 
type flies in the back-cross counts of table i would, have shown the vor- 
tex in this slight form had they been classified wiih knowledge of this 
point. However, even with close examination certjain flies of the '‘pure 
cultures” of table 2 failed to show the character. In this connection an 
interesting fact was noted; namely, that those few wild-type females 
which occurred were among the last to hatch. Thus, in cultures 5255, 
5271, and 5676 the single wild-type females occurred in the last day’s 
count. A similar phenomenon was noted with regard to the males. The 
first flies to hatch were all quite extreme vortexes. Somewhat later the 
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males were less extreme on the average, and an occasional wild-t3rpe male 
occurred. In those cultures in which a large number of wild-type males 
appeared the majority were in the latest counts. 

But that the above points do not entirely explain the back-cross results 
is apparent when it is realized that in two of the cultures ( 5078 , 6129) 
there were many wild-type females. It seems probable from later work 
that in these two cultures the vortex mother was of the type heterozy- 
gous only for the vortex III gene, in which case the number of wild- 
type and of vortex offspring should be about equal. 

THE LOCI OF THE VORTEX GENES 

The same mating which gave material for the above back-cross tests 
of the male, gave an opportunity to test at once the question of the local- 
ization of the two genes concerned. By crossing the star dichaete 
females from the cross of vortex by star dichaete, to vortex males the 
amount of crossing over between star and the second-chromosome gene, 
and at the same time the amount of crossing over between dichaete and 
the third-chromosome gene, could be found. Out of the more than twenty 
such cultures that were started only three were successful (table 3). 

The results of the female back-crosses parallel quite closely those of 


Table 3 

Pt mating vortex female by star dichaete male; hack-cross mating, Fx star dichaete 

female by vortex male?- 



iThe symbol for the dominant character star is the capital letter S) that for the 
designated v^\ the vortex gene situated in the second chromosome is that in 
the third is The + sigpii is read “wild-type.” 
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the male back-cross of table i, except that apparent crossovers occurred. 
The small number of wild-t)rpe flies, especially males, in these cultures in- 
dicates that there was very slight changing over of vortex into wild- 
type, and it is probable that these wild-type flies, certainly the females, 
represent crossing over between star and vortex II. A calculation of the 
location of the second-chromosome vortex gene gave a star vortex cross- 
over value of about 10. 

There was uncertainty with respect to the dichaete vortex class, since 
in the male tests of table i, where there was no crossing over, there had 
appeared two such dichaete vortex females. A calculation made on the 
uncertain basis that the dichaete vortex flies were crossovers gave a total 
of 21 vortex dichaete among the 78 vortex or 27 percent of crossing over. 
It was accordingly decided as possible that the third-chromosome gene 
for vortex lies to the right of dichaete at a position near to the center of 
the third chromosome. 

It had been hoped to get far more adequate data with respect to the lo- 
cation of the second- and third-chromosome genes. But an unexpected 
obstacle presented itself. It was only with the greatest difficulty that the 
cultures involving vortex could be reared. The back-cross tests of the 
female were started on a large scale but of the more than twenty cultures 
all but three proved sterile, and these three produced relatively few flies. 
The same low productivity had been apparent in some of the pair cul- 
tures of vortex by vortex of table 2. 

From the preceding considerations it was apparent that several points 
were capable of further elucidation. The occurrence of the class of wild- 
type flies in the back-cross tests of the male (table i) was not accounted 
for beyond question. The appearance of dichaete vortex flies, which 
simulated crossovers in the male back-cross test, had received an explana- 
tion requiring exi>erimental tests. It seemed possible that sterility was in 
some way connected with the above aberrations. Furthermore, a case 
(^^pale'') had arisen the characteristics of which gave a suggestive paral- 
lelism with the vortex case, namely, simultaneous linkage to both the 
second and the third chromosome, the appearance of unexpected classes, 
and of lethal effect. The analysis of that case had led to the hypothesis 
that a piece of the second chromosome had been removed and had been 
attached to the middle of the third chromosome. The removal of the 
piece of the second chromosome (deficiency) gave the effect of a lethal 
located in the second chromosome. The attachment of that piece to the 
third chromosome (duplication) explained the linkage of the contained 
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genes to the third chromosome genes. The place of attachment of this 
“transposed” piece was apparently at the middle of the third chromosome, 
which is the place of the spindle-fiber attachment. If the simultaneous 
linkage of vortex to the second and to the third chromosome was based 
on some such “transposition” then the transposed piece should likewise 
be attached to the spindle fibre and the linkage of vortex should cor- 
respond to a locus at the middle of the third chromosome. The pre- 
liminary calculation had suggested that this indeed was the case since 
there seemed about 27 percent of crossing over between dichaete and 
vortex, dichaete being known to be some 25 units from the center of the 
chromosome. A test of the above points demanded first of all a repeti- 
tion of the original experiments on a larger scale and with close atten- 
tion to the questionable features. 

TESTS OF THE WILD-TYPE FI.1ES OF VORTEX STOCK 

The first ix)int tested was the assumption that the wild-type flies that 
occurred in the stock of vortex were simply fluctuants and were of the 
same genetic constitution as those flies which showed the character. A 
pair of such wild-type flies (M251) gave 62 vortex individuals and only 
two wild-type individuals, which were males. This was an entirely 
regular result comparable with the progeny given by vortex pairs. A 
second pair (M3 12) gave 71 females all of which were vortex and only 
four wild-type males among the 65 males of the culture. A pair of ex- 
treme vortex individuals mated at the same time gave 91 vortex and 13 
wild-t3q)e individuals (M236). From these tests it is apparent that flies 
of the stock may give the same results irrespective of their grade, that 
is, of their somatic appearance. 

REPETITION OF THE MALE BACK-CROSS TEST WITH STAR DICHAETE 

The second test was a repetition of the male back-cross which had 
given the numerous wild-type flies. Ten such cultures were raised with 
no sterility (table 4). 

During the classification of the flies of table 4 particular attention was 
paid to the classes which had caused confusion before, namely the wild- 
lype and the dichaete vortex classes, in order that none of the flies classed 
as wild-type should show vortex even slightly, and likewise that all of 
the dichaete flies which showed the vortex might be separated out. 

The first point which appeared in the new cultures was that the num- 
ber of wild-type flies in no case exceeded the number which could read- 
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Table 4 

Pi mating, vortex female by star diclmctc male, back-cross mating, vortex female by 

Fi star dichaete male. 
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ily be explained by the amount of overlap of vortex into normal. This 
wild-type class was further characterized by being entirely confined to 
the males, not a single wild-type female having occurred. As had been 
discovered in the case of the wild-type fluctuants in the vortex stock 
these wild-type males were in general restricted to the late counts. 

The sums of the wild-type and the vortex flies gave a class of the same 
size as each of the other expected classes and not a large excess as had 
been the case in the two exceptional cultures of table i. Definite proof in 
the case of two of the wild-type flies that they were genetically vortex 
was furnished by crossing them to vortex females from stock. One of 
the tested males gave 62 vortex females, 79 vortex males and only three 
wild-types which were males (M431). The other gave 32 vortex females 
and 21 vortex males with no wild-type flies (M440). 

The apparent crossover class of dichaete vortex reappeared in the new 
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experiment, but was entirely confined to the females. It had been sug- 
gested on the basis of the former experiments that these dichaete vortex 
flies were not homozygous for both vortex genes, but were homozygous 
for the second-chromosome gene and only heterozygous for the third- 
chromosome gene. If this were true such flies should give, when tested 
by homozygous vortex males, about half of the offspring vortex and 
half not vortex. Were they really homozygous for both genes, almost all 
of the offspring ought to be vortex as in a stock culture. One such vor- 
tex dichaete female (from M3S4) was accordingly tested by crossing to 
vortex males from stock. The offspring (M396) were: t’o® 29, - 1-5 o, 
D® 41, Dvo'^ I, 26, -j-'J 6, 39, DVo^ o. That is, the dichaete- 

bearing third chromosome did not carry the vortex III gene, and ap- 
proximately half of the flies were vortex instead of nearly all being 
vortex. This result proved that it is possible for a female only hetero- 
zygous for the third-chromosome vortex gene to show the character when 
homozygous for the second-chromosome gene. Furthermore the single 
dichaete vortex female which occurred in the above test culture was of 
the same constitution as her mother as was proved by the progeny ob- 
tained by crossing her to a vortex male from stock. The progeny were : . 
^0 ® 76, ^ o, £) S 70, Dz’o'i 83, 3, 83, o, among 

which progeny the vortex constituted 174 out of 330 flies. 

Since the suggested explanation has proved to be correct, an interest- 
ing comparison between this dichaete vortex and the wild-type class pre- 
sents itself. All the wild-type flies were male, but the dichaete vortex 
flies were without exception female. While this is apparently an inverse 
relation it is in reality an expression of a single phenomenon — the partial 
sex-limitation of the character. This sex-limitation permits a readier 
and more marked expression of the character in the female than in the 
male, both in the double homozygous condition and also in the special 
case of the heterozygote just considered. 

I,OCATION OF THE VORTEX GENES THROUGH LINKAGE TESTS WITH STAR 

AND DICHAETE 

The first experiment to locate the vortex genes more accurately was a 
repetition of the female back-cross test with star and dichaete (table 5). 

The results to be expected from the female back-cross are much more 
complex than those that form the male tests ; in addition to the changing 
over of vortex into wild-type ( ^ ^ ) and the presence of supernumerary 
vortexes of the heterozygous type (5 9 ), in the case of the female test 
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Table 5 

Pi, vortex $ X star dichaete $ ; stair dichaete $ X vortex $ . 
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32 
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48 
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48 
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41 
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44 
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26 

40 
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— 
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27 

39 
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15 
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— 

— 

2 

17 

16 
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44 

— 
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2 
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36 

29 
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37 

42 
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5 
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5 

39 
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$ 

35 
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— 

— 
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36 

36 
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3 

6 

I 
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17 

26 
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27 

I 

— 

— ^ 

3 

13 

27 
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31 
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25 

33 



38 
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27 

27 

31 
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2 

— 
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$ 
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13 

13 

19 
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I 
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29 

32 

34 
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37 

5 

— 

— 

6 

35 

45 
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42 

2 

— 

— 

2 

36 

30 

41 
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29 

2 

— 

— 

3 

37 

36 

47 


M428 ^ 

31 

— 

— 

I 

4 

45 

29 

40 



41 

4 

— 

— 

8 

40 

35 

32 


M420 ^ 

37 

4 

2 

— 

3 

28 

41 

36 



19 

4 

— 

— 

4 

33 

57 

37 

1 

Total ^ 

471 

44 

77 

15 

52 

443 

445 

541 

v 

$ 

460 

49 

— 

— 

78 

461 

555 

510 


Grand total 

931 

93 

77 

15 

130 

904 

1000 

1051 



crossing over gives classes identical in appearance but different in their 
genetic origin. Thus the non- vortex classes are each composed, theo- 
retically, of progeny from three sources according to whether they rep- 
resent crossing over in the second, the third, or in both the second and 
the third chromosome, as may be seen from table 6. 

A fortunate simplification of this problem is obtained from a con- 
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Table 6 


S I) 

Classes of eggs produced by a female of the type, __ __ and of offspring 

Voll 7^1 Jl 

when such eggs are fertilised by sperm of a vortex male. 


Non-crossover 

(A) 

Crossover in 11 

(B) 

Crossover in III 

(C) 
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and III (D) 
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D 

4 - 

5 

Vo 

D 

+ 

5 
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$ $ 



$ $ 

<5 ^ 

Vortex 

= A = 471 

460 

Wild-type = B-l-C-fD = 

52 

78 

Star vortex 

— B = 44 

49 

1 Star = A-|-C-)-D = 

443 

461 

Dichaete vortex 

= C = 77 


1 Dichaete = A-j-B-j-D = 

445 

555 

Star dicliacte vortex 

= D = IS 

— 

1 Star dichaete = A-i-B-|-C = 

541 

510 


sideration of the dichaete and the star dichaete classes. Among the 
males not a single vortex individual of these classes appeared. Since the 
changing over of genetically vortex into somatically not-vortex is very 
slight throughout this experiment, this complete absence of males of these 
classes means that none or only a negligible amount of crossing over 
occurred between dichaete and the third-chromosome vortex gene. 

We must omit from our calculation of the amount of crossing over 
between dichaete and vortex III the data from the females, since in the 
females it is known that individuals simply heterozygous for vortex III 

( T” ’’) in some cases show the vortex character. In fact if 

crossing over between dichaete and vortex III is as rare as is indicated 
by the male data then all or practically all of the dichaete vortex and 
star dichaete vortex females were of this heterozygous type. Two of 
these dichaete vortex and two star dichaete vortex females were tested 
by crossing to vortex males, and in all cases they proved to be of the 
heterozygous type (tables 7 and 8). 

The complete absence of dichaete vortex males in table 5 is in contrast 
with their occurrence in the similar experiment of table 2. Instead of quite 
tree crossing over between dichaete and vortex III, as at first supposed to 
be the Case, there is no good evidence of any crossing over at all between 
them. The dichaete vortex males of table 2 must then have been due to 
another cause, and certain similar results, to be described in a later section. 
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Table 7 

Tests by vortex males of dichaete vortex females from the female back-crosses of star 

dichaete by vortex. 





^'0 

+ 

D 

Dv^ 

M44S 

(ex 

397) \ 
s 

60 

68 

— 

38 

87 

32 

M446 

(ex 

397) 1 

78 

— 

45 

30 



88 

I 

93 

I 


Table 8 

Tests by vortex males of sicor dichaete z^ortex females from the female back-crosses 

of star dichaete by vortex. 
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n 

D V 
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SDv 
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+ 
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D 
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M447 

(ex 398) 1 

51 

41 

2 
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30 

27 

S 

37 
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— 
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— 

32 

31 

M462 

(ex 398) ^ 

29 

16 

9 

10 

— 

— 

16 

14 

$ 

26 

28 





31 

23 


will make it apparent that this cause may have been an additional semi- 
dominant modifier. 

With respect to the linkage between star and the second-chromosome 
v,ortex gene, the crossover classes are star vortex and wild-type. When 
there is considerably more changing over in the male classes than oc- 
curred in this experiment there is still no changing over in the females. 
Four of the wild-type females were tested, and as expected, in no case 
were they vortexes that had changed over (table 9, cultures 412, 438, 
448, 454). The 52 wild-type females of table 5 are therefore all to be 
considered as true crossovers between star and vortex II. The non- 
crossover class which corresiX)nds to this wild-type crossover class is 
the star class of 443 females. Star vortex (44) and vortex (471) are 
complementary crossover and corresponding non-crossover classes. 

Because of the probability of a slight amount of changing over among 
the males the wild-type males (78) can not be used without correction, 
which is here of doubtful validity. Of three such wild-type males tested, 
one was a true wild-type crossover, but the other two were changed over 
vortex non-crossovers (table 9, cultures M437, M452 and M460). 

Males do not show vortex unless they are homozygous for both genes 
or contain an additional modifier, and all vortex males of table 5 can 
therefore be used in the calculation. The star vortex class (49) is the 
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Table 9 

Tests of wild-type flies from table 5 by out-crosses to vortex. 


No. 

From 

Vortex 9 

Wild-type 9 

Vortex $ 

Wild-type 

M412 ($) 

M367 

24 

i6 

23 

25 

M438 ( 9 ) 

M367 

92 

113 

109 

lOI 

M448 ( 9 ) 

M397 

84 

76 

79 

93 

M 4 S 4 (2) 

M4J00 

80 

72 

82 

73 

M437 (.S) 

M366 

5 

9 

13 

20 

M 4 S 2 (S) 

M402 

136 


104 

20 

M46O (B) : 

M402 

84 

\ 

42 

24 


crossover and the vortex class is the corresponding non-crossover (460). 
The* total number of crossovers available is 145 (52 + 44 49), and 

the corresponding total of non-crossovers is 1374. The percentage of 

crossing; over between star and vortex II is therefore 9.5. The locus 
of star is so far to the left in the second chromosome that with a distance 
of nearly ten units between the star and the vortex loci it seemed far 
more probable that the locus of vortex II is to the right of star. 

THE LOCALIZATION OF VORTEX II BY AID OF STREAK 

If, as calculated, the locus of vortex II is about ten units to the right 
of star then the position of the gene could be more accurately obtained 
by means of the linkage relations of vortex with the dominant mutant 
streak. The locus of streak was known to be at about 14.7 units to the 
right of star, although the data on which that location was based was 
rather meager in amount. The locus of vortex II was therefore con- 
sidered to be about five units to the left of that of streak. The most ad- 
vantageous type of back-cross is that known as '‘alternated” in ivhich 
the middle mutant gene is in one chromosome and the two end genes 
S S 

in the other • In order to obtain heterozygous females 

of the required type a crossover star vortex male was taken from the 
previous experiment and crossed to streak females from stock (M439). 
The Fi star streak females were then back-crossed by vortex males 
(M487). The small proportion of star streak crossovers which occurred 
among the back-cross offspring were of two types, half were only hetero- 
zygous for vortex III while the remaining half were of the desired homo- 
zygous type. To eliminate all doubt as to the constitution of the flies 
used some of the star streak crossovers were tested individually by mat- 
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ing to vortex females. One of these cultures (M52C) — 69, ^ 79; 

74> ^ 7 ^> i) of which the father proved to have been homozy- 
gous for vortex III gave many star streak offspring, all of which were 
homozygous for vortex III and heterozygous for vortex II. Fifteen 
cultures were raised from star streak females of the above constitution 
(table 10). 


Back-cross tests of 


Table io 

Vo^TI 


9 by vortex $ . 
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The classification of the experiment of table 10 was safeguarded by 
isolating all doubtful flies for at least five days until the pigment of the 
streak and of the vortex characters was fully developed and until the 
bubbles (to be mentioned later) characteristic of streak become pro- 
nounced. In certain cases the further precaution of actual test matings 
was taken so that the separations as recorded in table 10 can be regarded 
as complete. Three males from M593 that were regarded as possible 
streak were tested but proved to be non-streak. The same result was ob- 
tained from tests of several of the vortex males wherever there was sus- 
picion that they might be streak. 

Before making the calculations of the amount of crossing over it is 
necessary to consider the changed-over classes. Extensive experiments 
involving this region of the second chromosome have shown that the 
amount, of double crossing over within this distance of fifteen units 
is practically zero, so that there should be no wild-type class. It is doubt- 
ful whether the one wild-type female which occurred was such a double 
crossover or was a changed-over vortex. It seems more probable that 
she was a vortex female since she occurred in the last count of the cul- 
ture. We may therefore add this one to the 609 vortex females. Like- 
wise the 65 wild-type males (four of which were tested and proved to 
be vortex genetically) are to be added to the 538 vortex males bringing 
the number up to 603 which is then equal to the number of females. 
Among the males 10.8 percent of the vortex class changed over. If 
this same proportion of star vortex males changed over then six males 
should be transferred from the star class to the star vortex class, reducing 
the star class to 32 and increasing the star vortex to 60. 

While the counts of table 10 were being made a striking fact was ob- 
served, namely, that the streak vortex class was practically non-existent, 
although it had been expected to be as large as the star class. Further- 
more the vortex present in the three streak vortex flies recorded as 
such in table 10 was of a different type from the ordinary vortex, 
being developed only in the anterior pair of vortices as very slight 
depressions with little pigment and no whorling of the hairs. Mor- 
phologically there seemed some slight reason why the presence of 
the streak character should interfere with the development of the 
vortex character. The thorax of streak flies is markedly altered, espe- 
cially with regard to the musculature, which is largely replaced by large 
bubbles. In fact this character of the thorax is the clearest one for 
classification. It is to be noticed that the anterior pair of vortices would 
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most often escape the interference by these alterations since the anterior 
pair of vortices is broadly separated laterally, while the center of the 
streak disturbance is median and posterior. 

Tests, that will be described in a later section, were carried out with 
these particular streak vortex flies and these tests showed that there was 
probably present a modifier which favored the development of a vortex 
among streak flies of these cultures and their descendants. 

Not only was the streak vortex class unduly diminished, but corre- 
spondingly the streak class was unexpectedly large, being 177 flies while 
its complementary class star vortex was only 130 flies (corrected for 
changing over). If the streak vortex flies were included with the streak 
then we should expect that the number of streak and streak vortex flies 
should be equal to the sum of the star and the star vortex flies. This is 
found to be the case, since thetsum of the streak flies is 180, while the sum 
of the star flies is 181. There are two ways of calculating how many 
flies should be removed from the streak class and added to the streak 
vortex class. The class of streak vortex should be equal to the com- 
plementary class star which is 51 (corrected). This required the 
transference of 48 flies from the streak to the streak vortex class. 
The other method is to reduce the size of the streak -class to that 
of its complement (130). This would require the transference of 
50 flies from the streak to the streak vortex class. vSince these 
two methods agree the corrected classes may be accepted as 129 
streak and 51 streak vortex. The final corrected classes stand as in table 

II. 


Table ii 

The classes of table 9 corrected for changing over and for interference by streak. 


6* 


5- 



^0 

5* 



^0 
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*'0 






1097 

1213 

129 

130 

51 

51 

— 
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On this basis there was 9.7 percent of crossing over between star and 
vortex, which is in agreement with the value (9.5) obtained from the star 
dichaete vortex female back-cross tests of table 5. There was 3.8 percent 
of crossing over between vortex and streak, which is slightly less than 
that previously calculated from data less extensive. The locus of streak 
on the basis of the entire data is at about 13.7 units to the right of star. 
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THE STREAK VORTEX MODIFIER 

One of the two exceptional streak vortex flies which occurred in cul- 
ture 6io was out-crossed to vortex males and gave a considerable pro- 
portion (about a quarter) of streak vortex flies of this new type (cul- 
ture 694, table 12). A streak vortex male from among this progeny 
out-crossed to vortex females from stock likewise gave this type of 
streak vortex in the same proportion (M782). This stock has been 
continued for several generations and gives analogous results. The pro- 
portion of streak flies showing vortex in these two cultures and the line 
descended from one of them is exceptional, since in the other cultures the 


Table 12 

Selection for vortex streak (new type). 


No. 

Parentage 



*'0 


-1- 



$ 

23 

17 

40 

— 

M694 

ex 619 XV^ s 
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19 

6 

44 

8 



9 

31 

8 

40 

2 

M812 

ex 694 X 9 

3 

17 

2 

36 

7 


crossover streak flies which are genetically homozygous for vortex fail 
to show the vortex character. The new condition which has arisen is 
probably due to a mutant modifier which has the effect of causing the 
vortex in streak flies to develop but to develop as a new somatic type. 
Since this type occurred in two cultures and in out-crossed cultures of 
their descendants, the modifying gene is a dominant. In the mother 
of culture 610 this dominant modifier was present in the star streak 
chromosome not far from streak and probably to the right. When cross- 
ing over occurred between vortex II and streak, the streak individuals 
received the modifier and were then better able to show vortex, but in a 
modified type. This accounts for the individuals in cultures 610 and 
588. When a vortex streak crossover female from 610 was out-crossed, 
mok of the streak descendants should be of the same constitution as 
the mother, that is, homozygous for vortex II and vortex III and hetero- 
zygous for streak and for the dominant modifier. The result showed 
that only about a quarter of the streak flies developed the new type of 
vortex. It might have been supposed that crossing over between streak 
and the modifier had reduced the number of flies containing the modi- 
fier and hence showing the new vortex. But in the next generation a 
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male of this constitution was out-crossed and results similar to those of 
the female out-cross were obtained. Since there is no crossing over in 
the male the similarity of the female and male out-crosses shows that in 
the female likewise there was probably little crossing over between streak 
and the modifier. It is evident then that this modifier is able to bring the 
new vortex to expression in only about a quarter of the flies of the 
given constitution. 

There are many other cases known in which flies of a given constitu- 
tion may or may not show a certain character. The determining factor 
is presumably environmental, and has been proved to be such in several 
of the cases. 

FURTHER TESTS OF THE POSITION OF VORTEX III 

The other experiments had indicated that the position of vortex III 
was very close to that of dichaete. In fact no certain crossover had 
been obtained between these two loci. It was thought advisable to get 
more extensive data on this jx)int in the hope of finding on which side 
of dichaete the locus of vortex III is situated. Such an experiment 
would require the simultaneous use of two known loci in the third 
chromosome. The stock containing the two dominants dichaete and 
hairless offered the quickest and most convenient method of obtaining 
such information. Accordingly a vortex male was crossed to a dichaete 
hairless female and the Fj dichaete hairless females heterozygous for 
vortex II and for vortex III were tested by vortex male from stock 
(table 13(A)). As in the previous experiment, females that were not 
homozygous for vortex III showed the vortex character occasionally. 
Thus among the dichaete females of table 13 (A) 16 showed vortex 
slightly. Tests of one of the vortex dichaete hairless females showed that 
it was the supposed heterozygous type (table 13 (C), culture M450). 
Such vortex dichaete flies likewise occurred in two parallel tests of 
males, and since no crossing over occurs in the males the vortex dichaete 
flies are clearly of the heterozygous vortex III type (table 13 ( 5 )). For 
this reason it is only among the dichaete males of table 13 (A) that real 
crossing over could be detected. No such dichaete vortex males occurred, 
which confirms the closeness of vortex III to dichaete, but fails to show 
the relative order. On the other hand the crossing over between vortex 
and hairless was of the amount (20.4) to be expected from the known 
normal distance between dichaete and hairless. 
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Table 13 
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(A) Back^cross tests of JH— ' ' ' '■ female by vortex male, 
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(B) Vortex female by heterozygous male. 
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(C) Dichaete vortex hairless female ex by vortex male. 


M45O 

9 

54 

2 

18 

23 


22 


36 

$ 

56 

— 

27 

— 

9 

23 

— 

60 

Grand totals 

no 

2 

45 

23 

9 

45 


96 


THE ISOLATION OF AN ADDITIONAL VORTEX INTENSIFIER 

During the course of all these later experiments a sharp outlook was 
kept for the occurrence of dichaete vortex males such as had been found 
in the first experiments with the mutant (table i). In only one of the 
many cultures was such a male recorded (M446, table 7). This culture 
was likewise exceptional in the high number of didiaete vortex females 
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of the heterozygous t)rpe, over 40 percent of the dichaete females being 
vortex instead of under 20 percent. 

Here was an opportunity to determine whether this male was of a dif- 
ferent genetic constitution from ordinary dichaete males which do not 
show vortex. The male was out-crossed to a vortex female from stock. 
The absence of dichaete vortex males in the sons of the dichaete 
vortex male (Mso8, table 14) proves that he had not been a crossover; 
that is, that he was not homozygous for vortex III, for in that case prac- 
tically all of his offspring should have been vortex. , 

The Fj culture was exceptional in that there was a very high propor- 
tion of vortex among the dichaete females, just as had been the case in 
the parent culture 446. On the other hand none of the dichaete males 
showed vortex. So that it may be concluded provisionally that a modi- 
fying gene was present which was partially dominant among the fe- 
males and not obviously dominant among the males. This difference 
is another expression of the already noted sex-limitation of the vortex 
character. 

Table 14 

Selection for dichaete vortex males. 


No. 

Parentage 


D 

^ ^0 \ + 

Mso8 

v ^9 X ex 446 

9 

16 25 48 — 



S 

36 — 16 3 

Msso 

2 Dv^ 9 X 2D $ ex 508 1 

9 

16 22 14 — 



e 

33 8 15 — 

M6o8 

3 Dv ^9 X 3Dv^$ 550 

9 

37 82 30 — 




68 II 34 — 


Culture 508 was so similar to 446 that it seemed probable that they 
were of the same constitution and that the single dichaete vortex male 
of 446 was a case of the dominance of the modifier, here effective even 
in the male. Another indication of this dominance is the suppression to 
a large extent of the changing over, of vortex into wild-type in 446. 

An F2 culture was raised from two of the dichaete vortex females 
mated to two of the dichaete males from 508. While among the dichaete 
females the proportion of vortex was no higher than in Fj, among the 
males 8 dichaete vortex males occurred in a total of only 41 dichaetes. 
These males are presumably to be looked upon as homozygous for the 
modifier. Three such males were crossed to dichaete vortex sisters and 
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the succeeding generation (M6o8) was characterized by the highest 
proportion of dichaete vortex yet observed. More than two-thirds of 
the dichaete females were vortex, indicating that more flies were homo- 
zygous for the modifier than in the previous cross. Another feature of 
these last two cultures was the absence of wild-type males in contrast to 
their usual occurrence in cultures free from the modifier. Thus the 
grade of vortex in all of its types has been raised to a high level by the 
action of the modifier, but this level is consistently higher in the female 
than in the male. . 

The gene for the modifier is known not to be in the third chromosome, 
unless very removed from dichaete, and the probabilities are that it is 
in the second chromosome. 

The new experiments removed the suspicion that the inheritance of vor- 
tex depended upon some unusual chromosome condition. Thus, ster- 
ility did not appear in the new experiments, and its occurrence in the first 
experiments must have been a separate phenomenon. The locus of vor- 
tex III proved to be close to that of dichaete and not at the middle of the 
chromosome as required for '‘transiX)sition’\ The other doubtful points 
have likewise fallen in line with a plural gene explanation. 

THE MUTANT CHARACTER, FLIPPER 

In culture 367 (table 5) a very small wild-type female was found and 
tests were made to determine whether she was genetically a dwarf or sim- 
ply was exceptionally small because of some accident of development. 
In Fj, from a cross to vortex male no dwarfs reappeared, but a new mu- 
tant character appeared in the culture (M466). This new mutation re- 
sembled the sex-linked mutation club (see Morgan and Bridges, Car- 
negie Publication No. 237 for figure). The whole fly was under-sized 
and was of shrunken appearance. The surface retained a wet appear- 
ance. The most obvious feature was the wing which remained in the 
folded condition in which they were when the fly emerged from the pupa 
case, and did not expand as wings normally do. These compact wings 
were held out and curved downwards like flippers. 

When these flies began to appear it was observed that most of them 
were at the same time vortex. Counts were made which show that there 
was strong linkage betwen vortex and flipper (M466, table 15). 

Several attempts were made to mate these flies together in order to ob- 
tain a stock of the mutation. All these matings failed except one, which 
gave 4 flipper females, i flipper male, and i wild-type male. Probably 
the wild-type male resulted from non-virginity of the mother. 
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Table 15 

Fa restdts front the cross of vortex flipper to wild. 



Wild-type 

Vortex 

Vortex flipper 

Flipper 

M466 

190 

17 

32 

3 

M723 

232 

14 

40 

7 

M724 

229 

19 

25 

5 

Total 

651 

50 

97 

15 


Because of the failure of all these matings the character flipper was 
lost, but it reappeared later in another culture in which vortex was used. 
In this case also quite extensive matings were made between vortex 
flipper females and their wild-type brothers. In one case only the mat- 
ing produced a few wild-type oflFspring, from which two Fo cultures were 
raised (723 and 724, table 15). 

A calculation of the ix)sition of flii)per was made on the basis of the 
three Fg cultures of table 15. The flipper class (15) is a crossover class 
corresponding to the non-crossover vortex flipper class (97). Likewise 
the vortex class is a crossover class which corresponds to the compound 
wild-type class. The wild-type class is constituted from 3 non-cross- 
over and 2 crossover classes (3« + 2 x). The non-crossover class cor- 
responding to the crossover class is calculated as 184 individuals. The 
total results give 65 crossovers to a total of 346 individuals, or 18.7 per- 
cent of crossing over. The amount of crossing over between vortex 
and flipper is so large that it is improbable that the locus of flipper is to 
left of vortex since vortex is itself only 10 from the left end of the 
known chromosome. Flipper can be located approximately at a posi- 
tion 18.7 to the right of vortex. or at 28.3 to the right of star. 

SUMMARY 

The foregoing experiments have shown that the character vortex is 
dependent upon or is modified by four mutant genes. 

Of these genes the most essential one, without which the character is 
never known to have appeared, is situated in the second chromosome at 
a position 9.6 units to the right of star. However, this second-chromo- 
some gene is by itself insufficient for the production of the vortex 
character. 

The gene second in effectiveness is situated in the third chromosome 
very close to the locus of dichaete (11.7). This gene likewise is unable 
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to cause any development of the vortex character when acting alone. 
But in flies homozygous for vortex II, heterozygosity for vortex III en- 
ables about 20 percent of the heterozygous females to show the vortex 
character although no male of this constitution can show the character. 
Flies homozygous for both vortex III and vortex II are, if females, 
practically invariably vortex, while if males they are vortex except that 
toward the end of old cultures a small proportion of genetically vortex 
males of this homozygous type ‘‘change over” into wild-type. The usual 
stock of vortex is of this bigenic constitution. 

During the experiments a dichaete stock was isolated in which a third 
gene was present which contributed to the development of the vortex 
character. In this stock a majority of the females homozygous for 
vortex II and heterozygous for vortex III showed the character, instead 
of only about 20 percent as in stocks in which this modifier is not pres- 
ent. A slightly greater percent of such females showed vortex when 
homozygous for the new modifier. In heterozygous condition this new 
modifier was almost without effect upon males of the heterozygous type, 
but in homozygous condition it made vortex show in a considerable pro- 
portion of the flies homozygous for vortex II and heterozygous for vor- 
tex III, while it eliminated the changing over of homozygous vortex II 
vortex III flies into wild-type flies. The locus of this modifier is prob- 
ably in the second chromosome. 

In the experiments involving streak a special relation between streak 
and the vortex was discovered. The vortex character was prevented 
from developing in streak flies even though such flies were homozygous 
for both vortex II and vortex III. 

However, in the same experiments a special modifier was detected 
which to a considerable extent reversed this inhibition by streak. This 
modifier was a dominant situated in the second chromosome quite close 
to the locus of streak and probably to the right. The streak flies in which 
the vortex character appeared through the action of the modifier showed 
a type of vortex different from the usual one. 

Throughout all of these experiments and in the various types of vor- 
tex a very striking fact was apparent, namely, that the grade of the 
vortex character and the proportion of flies showing that character was 
higher in the females than in males of the same genetic constitution. 
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INTRODUCTION 

In recent years a considerable number of papers have appeared on the 
inheritance of various quantitative characters in lobacco. Such char- 
acters are usually of the greatest economic interest although they do not 
lend themselves as readily to strict genetic interpretation as do qualita- 
tive characters, owing to the more pronounced influence of environ- 
mental conditions upon quantitative results. The general concensus of 
opinion among plant breeders now is, however, that quantitative char- 
acters behave according to Mendelian principles, even though the deter- 
mination of the exact ratios may be impossible l>ecause of the multiplicity 
of factors concerned. Whatever the correct theory may be, the accumu- 
lation of facts from various sources and for various characters will no 
doubt strengthen the foundation for future theory and practice. Al- 
though a considerable number of characters in tobacco crosses have been 
studied by the writer since 1908, it is proposed to discuss here particu- 
larly the inheritance of branching or ‘"suckering” habit, for the reason 

^The writer is indebted to Dr, Leon J. Cole, of the Department of Genetics, Uni- 
versity OF Wisconsin, and to Dr. W. W. Garner, of the Bureau of Plant Industry, 
United States Department of Agriculture, for suggestions in preparing the manu- 
script for publication. 
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that this conspicuous character in tobacco seems to have received prac- 
tically no attehtion by other investigators. It is, moreover, a character 
which possesses very considerable practical as well as scientific interest. 
The lateral branches or suckers which develop usually from the axils of 
the leaves grow to a considerable size and in most forms of tobacco cul- 
ture must be broken off before harvest. This involves much labor, very 
often of a slow and tedious sort, as well as frequent mechanical injury 
to the leaves and possibly also a lowered yield since it is probable that 
the braiKhes are partly instrumental in diverting foodstuffs from the 
commercial leaves to themselves. One and sometimes two or more re- 
movals of these lateral shoots or suckers are therefore necessary. It is 
safe to say that the ideal tobacco plant of the growers would possess no 
suckers.' The removal of the terminal inflorescence together with the 
leaves inimediately below (topping) is widely practised, and this natur- 
ally tends to stimulate to a considerable degree the rate of growth of the 
lateral shoots or suckers. These suckers are usually largest at the up- 
permost remaining node and gradually decrease in size to practically 
none below the fourth to sixth node. Varieties and also strains differ 
very much in this respect, however. The suckers may be present and of 
a considerable size not only at the node of every leaf, but they may 
also spring from the oldest nodes at the base of the stem where the leaves 
have long since perished in the normal physiology of the plant. We 
may therefore possess types with more suckers than remaining leaves. 

The possibility that types of tobacco of limited- or non-suckering habit 
m^ht be produced by simple selection or by crossing followed by se- 
lection, has occurred to many observers of tobacco culture. In the ab- 
sence of any data on this character it would be quite unsafe even to 
venture a guess as to the practical results to be obtained in undertaking 
such a problem. As a result of the study of a cross between a small- 
and a large-suckering type of tobacco, it is believed that the evidence 
presented will be sufficient to place its behavior in inheritance in line 
with , that of leaf number, size, and shape of leaves, as ^worked out by 
East and Hayes in particular. 

It is admitted that the branching habit is not' well adapted for study 
of inheritance as such, but if we are to understand various plant char- 
acters they must be dealt with as best we can. The branching habit is 
quite as readily modified by environmental conditions as yield of crop. 
The time of removal of the terminal bud, or the lodging of the jdant 
are marked influencing factors, as well as the time of maturity of the 
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plants (itself not a definite character), in relation to time of suckering. 
These factors are to be considered as largely eliminated in the compara- 
tive data given, although some discrepancy may be due to time of ma- 
turity since the counts and weights were all taken at approximately the 
same time. The point is of commercial rather than biological signifi- 
cance, however. 


REVIEW OF LITERATURE 

It is not deemed necessary to consider in detail the literature upon 
inheritance in tobacco or of the inheritance of quantitative characters in 
general. Mention will be made of only a few investigations bearing 
most closely on the problem. 

Shamel and Cobey (1907) under the general subject of tobacco 
breeding, consider briefly ‘‘the production of non-suckering types.’' They 
attach considerable importance to the variation in amount of suckering 
of different individuals in the same field but without adequate consider- 
ation of the part played by fluctuating variation in this regard in even 
the purest strains of seed. Judging, however, from the statement that 
strains were produced by two years’ selection which were “almost free 
from suckers” in comparison with the ordinary seed which produced 
“many large suckers,” the authors were apparently dealing with a 
strain of seed heterozygous for suckering habit. There are other con- 
ditions, however, which may account for their results, such as relative 
differences in actual time of maturity due either to germinal differences 
in this character or due indirectly to a variation in resistance to the Thie- 
lavia root-rot disease which in the writer’s earlier experience in tobacco 
breeding was found to have almost completely vitiated results. The 
authors, in any case, lean towards the belief that environment, as such, 
produces permanent variations, permitting the fixing of type by selec- 
tion, a theory which now has few followers. 

The authors further add that a correlation exists between the num- 
ber, shape, and character of the leaves borne by individual plants and 
the number and size of suckers produced by these plants. Many large 
suckers are said to be correlated with few, heavy, dark, and usually nar- 
row, pointed leaves. This correlation is explained as being due to the 
large sucker branches taking from the plants the elements of plant food 
which would otherwise be utilized in the development of many broad, 
round leaves. No data for these conclusions are presented however. 

The work of Hayes (1913) and of Hayes, East, and Beinhart 
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(1913) in Connecticut and Massachusetts, as presented in several papers, 
has carefully developed the facts of the inheritance of several characters 
in tobacco as far as they were obtainable, and with these data, laid the 
foundation of the generally accepted modern theory of the inheritance 
of quantitative characters according to Mendelian interpretation. The 
primary facts are the intermediate and uniform nature of the first filial 
generation in respect to the characters of the parents used in the cross, 
followed by distinct segregation giving a wide range of variability in 
the second generation ; this range is usually as great or greater than the 
cdmbined range of variability of the parents. The individuals selected 
in the Fj generation may breed true to type, or may continue to show 
germinal variation. This has been shown to be true for various char- 
acters in tobacco, including leaf number, leaf area, length and breadth of 
leaves, and height of plants (excluding heterosis). This principle has 
also been shown to hold for various characters in several other plants 
by a considerable number of recent investigations. 

The branching habit has received some attention from breeders of 
other plants, and although it may be that these habits are not in all cases 
similar to that in tobacco, they should perhaps be at least mentioned in 
this connection. Some of the cases are, however, merely brief statements 
of observations or based on limited data and cannot be satisfactorily 
correlated with the results presented in this paper. 

Shull (1908) concluded that in the case of the sunflower (Helianthus 
annuus var. ) the branching habit followed Mendelian principles and that 
the branched habit was dominant to the unbranched. 

Saunders (1911) working with Stocks believes that the unbranched 
habit is recessive to the branched. The F, of branched with unbranched 
is branched and the pure unbranched reappears in the F2 in what seems 
to be a proportion of i to 4, although this was apparently not satisfac- 
torily determined. Webber (1912) reports on inheritance of branching 
habit in peppers. He finds the Fi intermediate and gets marked varia- 
tion in F2 with the production of so-called giants and dwarfs, as a 
result of transferring fine and coarse branches. In connection with other 
studies, Emerson and East (1913) report on the inheritance of num- 
ber of stalks per plant in maize. “Stooling” in corn is probably quite 
different from branching, but on the other hand it does resemble it hi 
many ways. This character was found to segregate upon crossing, in 
a manner similar to other quantitative characters. 

Norton (1915) has reported upon ffie inheritance of habit in the 
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common bean in which the branching habit is at least characteristic for 
certain varieties. Nothing of a definite nature is stated in regard to this 
character unless it be considered that all bush beans are branched. He 
makes the statement, however, that in a cross between Refugee Wax 
and Blue Pod some lots homozygous for axial branching were isolated, 
many individuals of which showed signs of climbing. 

METHODS USED 

Studies on suckering habit are based particularly on reciprocal crosses 
of two types which in my cultures have gone under the names of Little 
Dutch and Cuban. The former is undoubtedly the same as that which 
has in the past been grown commercially in Ohio as filler tobacco. The 
leaves are relatively narrow and are distinctly erect (plate 3, Pi). The 
number of branches ranges from four to six and these are small in com- 
parison with most varieties of tobacco. The number of suckers is much 
more constant than that of most varieties, which normally have a 
stronger tendency to sucker toward the base of the stalk. The Cuban 
type (plate 3, P2) used is not the same strain as that now grown com- 
mercially under shade in the Connecticut valley, although it probably is 
one of the strains or types from which the shade-grown Cuban has been 
developed. It differs from the latter especially in that it does not grow 
quite as large and also in the fact that it branches much more profusely. 
The number of suckers is usually the same as the number of leaves, plus 
two to four additional large basal suckers which often grow to the height 
of the parent plant, beginning to develop soon after the plant is well es- 
tablished in the soil. That this type has bred true in its general con- 
formation since it was first grown in connection with these studies 
(1908), has been repeatedly shown. The longevity of tobacco seed per- 
mits the growing of a considerable number of generations at any one 
time. In 1915 and again in 1916, succeeding generations of seed from 
the most vigorous plant in the cultures of the preceding years were 
grown side by side and certain measurements made of height, leaf num- 
ber, and leaf size. The averages for these on twenty-five plants for the 
year 1915 are given in table i, and show that no improvement or perma- 
nent change has occurred. This is in accord with the conclusions of 
Hasselbring (1912) and of Hayes (1914) that modification through 
effects of environment of a southern type of tobacco grown in the north 
do not occur. Although the Little Dutch parent has not been subjected 
to a similar test in any one season, the data for the years 1908 to 1918 in- 
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Progeny rows of strains isolated from the Fj generation of the Little Dutch and Cuban cross showing the 
variation in suckering habit and other characteristics. (A) 42M, (B) 42G21, (C) 42F21, (D) 42BJ1, (E) 
42A11. 
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dicate that this variety is one of the most uniform strains of tobacco 
grown at the Experiment Station under all sorts of environmental con- 
ditions. 

The usual precautions to prevent experimental error have been taken. 
Selfed seed has been obtained by covering the flower heads with manila 
paper bags. The seeds of individual plants were used in all cases, and 
these were sown in sterilized soils and the seedlings transplanted to 
separate rows in the field. The early experiments were complicated due 
to the stunting of the plants by the root-rot disease, but in recent years 
special care has been taken to avoid infested soils. 

The parent types have been given numbers under which they were 
grown in the field, and later generations were merely designated by 
adding one digit to this number. The original Cuban seed was given 
the number 14, the next generation of seed plants 141, 142, up to 149 
if desired. The following generation from 141 would then be 1411 or 
1412, and so on. The cross of Little Dutch with Cuban, for the sake 
of convenience, was also given a number (42). The individuals se- 
lected for seed were then 421, 422, up to 429. The selection of indi- 
viduals for growing the Fa generations, however, were designated by 
letters, as 42A, 42B, 42C, and the Fa selections became 42A1, 42B1, 
and so on. 

The plants were topped as nearly as possible at the same relative point, 
which was just below the “bald sucker.” The “bald sucker” is usually 
regarded as belonging to the terminal inflorescence. It is not believed 
that the results are altered by the fact that an arbitrary standard is 
chosen. This same objection has been used against the counts of leaf 
number of tobacco as a genetic measurement when the plants have been 
previously topped. As a check on this, a count was made of all nodes 
of the plants before topping and of leaf numbers after topping (tables 
2 and 3). The last column in table 3 shows the ratio of leaf number 
to node number. This ratio, though showing some range, is believed to 
be sufficiently close to indicate a high correlation between the number of 
nodes per plant and number of leaves after topping. Since we have been 
dealing with plants apparently normal in growth) it is not believed that 
the facts brought out by Allard ( 1916) respecting the variable location 
of the “bald sucker” in stunted plants have played a part in these results. 

In counting the number of suckers, only those which were large enough 
to warrant breaking off in commercial practice were included, that is, 
very small suckers which might later develop to a considerable size were 
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not included in the counts. Since every leaf axil or every node on the 
plant has the potential power of developing a lateral shoot, the line in 
any case would have to be drawn at some arbitrarily chosen point. The 
weights of the sudcers in grams were taken immediately after thdr re- 
moval, on a torsion balance set conveniently in the field for this purpose. 
Linear measurements of plant height, and length and breadth of leaves 
were made with a steam-fitter’s rule, which is especially convenient for 
this purpose. 


EXPERIMENTAL RESULTS 

In 1909 a very considerable number of varieties and strains of tobacco 
were crossed for the purpose of studying the inheritance of various char- 
acters as well as with the hope of developing new types suitable for com- 
mercial culture in Wisconsin. It is expected that the practical phase of 
the work will be discussed elsewhere. It may be mentioned, however, 
that a new type of tobacco has been produced by crossing two “strains” 
(believed to be mutations from the normal) of the Connecticut Havana 
variety. This new type (Connecticut Havana No. 38) has become quite 
popular in Wisconsin, considering the length of time it has been intro- 
duced. 

Many of the types crossed in 1909 were quite similar in general habit 
and could not be relied upon for results of genetic interest, but where 
distinct varieties were crossed, “blending” in the Fi generation was prac- 
tically always observed. A large number of the Fi generations from 
seemingly markedly different types when grown for the Fg gave appar- 
ently no good indication of segregation. Whether this was due to lack 
of sufficient numbers of individuals or to various obscuring environ- 
mental factors is not clear, but the writer is tentatively, at least, inclined 
to agree with Lock (1909) that the intermediate form of certain crosses 
in tobacco may persist in the second generation. This matter must, 
however, be left for further study and in the light of more recent in- 
vestigations may be subject to analysis. 

In 1913, however, it was noted especially that considerable variation 
was occurring in the F* of a cross of Little Dutch with Cuban and sev- 
eral of the more distinctive types were saved for seed to be grown as Fg 
families the following year. The Fi generation of this cross appeared 
strikingly intermediate in most respects (plate 3, Fj), especially as re- 
gards size, shape, and position of. the leaf, and in number and size of 
■suckers produced, although the latter habit was usually regarded as domi- 
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Designation 

No. 

Mean 

Mean 

leaf 

number 

Ratio of 

leaf number after 
topping to total 
node number 

;37 38 39 40 41 42 

Little Dutch (15) ^ 

54 

30.0 

17.8 

1 : 1.69 

Cuban (14) 

54 

52 

53 

201 

211 

53 

47 

51 

55 

53 

54 

52 
52 ; 

55 
50 
50 

27.8 

15.0 

1 : 1.85 

IS X 14 : 

14 X IS 

28.5 

28.3 

15-6 

IS.6 

1 : 1^2 
i: r 81 

424 1 

27 .S 

28.4 

IS.8 

IS.6 

1 : 1.74 

1 : 1.82 

42V ' 

5 2 6 3 I I 

27.9 

3.62 

28.6 

24.3 

21.6 

28.9 

31.9 

22.4 
29.0 

195 

21.5 

16.2 

21.5 

1 : 1.72 

I : r.68 

42N1 

42O1 

42X1 

42Y1 j 

14.4 

14.0 

12.2 

15.6 

i: 1.98 

1 : 1.74 

1. 1.77 

1 : 1.85 

42AH j 7- 

42BII ) 

42F2I 

42G2I 

42JII 

19.5 

IT.9 

16.3 

9.4 

1 1.6 

1 : 1.64 
1:1.88 

1 : 1.77 

1 : 2.07 

1 : 1.85 


Genetics 4: J1 191! 





INHERITANCE OF BRANCHING HABIT IN TOBACCO 


317 


nant to small suckers. It was also found that in crosses of Cuban with 
several other small-suckering types, as Connecticut Havana and Con- 
necticut Broadleaf, the Cuban suckering habit apparently predominated. 
The Little Dutch and Cuban cross, however, was chosen as the best for 
a more detailed study of this character in tobacco. Twenty-four fami- 
lies from the F2 generation as well as several from the Fg have been 
grown ; some were carried as far as the sixth generation. Marked segre- 
gation of leaf characters as well as of branching habit occurred (see 
plate 2). 


Inheritance of number of suckers 

The frequency distribution for number of suckers for 1917 in the 
Little Dutch and Cuban cross, together with the usual biometric terms, 
are given in table 4. It will be seen that the mean for number of suckers 
in the Little Dutch variety is 4.S5±:.07 as compared with i8.32±:.i6 for 
the Cuban type, a difference of about 13.7 suckers in the two types. The 
average number of suckers of the two parents for 1917 is 11.4, agreeing 
very closely with the mean found for the Fi generation which is seen 
to be 11.28rh.22 in one case, and 11.6rh.24 in the reciprocal. The truly 
intermediate nature of the Fi for number of suckers is therefore sur- 
prisingly close in this case. The standard deviation and coefficient of 
variability show, however, that the Fi is somewhat more variable than 
the parents. It seems probable that this result may be due to other fac- 
tors than that of germinal variation, namely, to heterosis. Turning to 
the Fa generations (reciprocals) for this year, it may be seen by the fre- 
quency tables that the range of variation is practically equal to that of 
both parents combined. The mean for the reciprocals will be noted to 
be very close to that of the Fi, a fact which seems to be of some signifi- 
cance in indicating the dominating feature of the suckering character in 
the second generation. The standard deviation shows that the Fa varies 
considerably more from the mean than does either of the parents or the 
first generation. The standard deviation for the Little Dutch is only 
.75±:.05, and of the Cuban i.64±:.ii, while that of the Fi is 2.26±:.i5 
as compared with 4.07^1.14 for the Fa. 

The Fs and succeeding generations, show in a more striking manner 
the marked segregation which has occurred in this cross. Families have 
been produced which range in means from 4.ii±:.09 sucker^ (42J11) 
to a family with a mean of 15.40^.33 suckers (42V). Furthermore, 
the standard deviations show that families like 42J11 and 42 An are 
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LEGEND FOR PLATE 2 

Illustrating the variation in leaf size and leaf shape produced in the Fj of the Lit- 
tle Dutch and Cuban cross. All leaves selected from the same relative position on 
the plant. P„ Cuban parent ; Pa, Little Dutch parent. Fj, first generation. A, B, F, G, 
G2, O, S, and X are from strains isolated from Fa and represent typical leaves of 
families 42A, 42B, etc., respectively. 
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breeding relatively true, having deviations of only .98+. 065 and i.22± 
.08, respectively. Other families, however, as 42G21 and 42M show a 
standard deviation as large or larger than the F2 generation, being 4.03± 
.27 and 4.8 i±. 23 respectively (plates 6, 7 and 8). 

It may be objected that these figures do not represent in an entirely 
correct way the true state of affairs, in that they do not take into con- 
sideration the relative time of maturity of the two families. If we let 
the time of the opening of the first flower of the plant represent the rela- 
tive time of maturity (table s), we find that 42G21 (heterozygous for 
this as well as for other factors) is a relatively early type, consequently, 
the production of numerous suckers is favored, and that 42M is a rela- 
tively late type, consequently not so much disposed to the production of 
numerous suckers within the given time. The means, therefore, would 
be lower for the one and higher for the other. These cases are extremes, 
however, and serve only to show that the problem may be complicated 


Table 5 

Frequency distribution of time of flowering of Little Dutch and Cuban cross, 1917. 







Class centers in days for time of flowering 



Designation 

Gen. 
















No. 

Mean 

2 

5 

8 

II’ 

14 

17 

20 

23 

26 

29 

32 

35 

38 

41 

44 




Little Dutch (15) 

Px 








17 

9 

15 

7 

5 




S3 

27.5 

Cuban (14) 

p, 






I 

II 

24 

13 

I 

2 

2 




54 

23.8 

IS X 14 

F, 






II 

24 

9 

6 

2 






52 

20.9 

14 X 15 

F. 






15 

20 

11 

6 

2 






54 

207 

428 

F. 





2 

17 

31 

25 

30 

31 

27 

27 

7 

4 

I 

202 

27.0 

424 

F, 






17 

18 

46 

43 

35 

18 

23 

6 

3 

I 

210 

267 

42V 

F. 








12 

9 

17 

6 

5 

3 



52 

28.5 

42M 

F. 









4 

II 

4 

12 

8 

2 


41 

33-1 

42NI 

F, 






16 

9 

15 

5 

2 

I 

2 




50 

217 

420I 

F. 






6 

18 

11 

10 

I 

I 

2 




49 

22.5 

42X1 

F. 




9 

7 

24 

4 

3 

2 

I 

2 





52 

17.2 

42 Y I 

F. 






3 

4 

12 

12 

8 

5 

4 

4 

2 


54 

27.3 

42AII 







I 


3 

6 

11 

12 

14 

4 

I 


52 

31-2 

42Bn 

F. 




I 

5 

26 

13 

5 

2 

I 






53 

18.4 

42F21 

F. 







2 

13 

23 

12 

4 

I 

* 



55 

26.3 

42G21 

F. 

5 

7 


17 

5 

12 

2 

I 

2 


I 





52 

J 2.5 

42J11 

F, 





2 

24 

18 

2 

4 

I 


I 




52 

194 

Actual dates 
of flowering 


July 

14 

17 

20 

23 

26 

29 

Aug. 

I 

4 

7 

10 

13 

16 

19 

22 

25 




16 

19 

22 

25 

28 


3 

6 

9 

12 

IS 

18 

21 

24 

27 
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Standard 

Designation 

Gq 

Mean 

deviation 

Little Dutch (15) 


4-55 ± 07 

•75 ± -o.S 

Cuban (14) 


18.32 ± .16 

1.64 ±: .11 

15 X 14 


11.28 ± .22 

2.26 ± .15 

14 X 15 


11.60 ± .24 

2.49 ± .17 

428 


11.33 .20 

4.07 ± .14 

424 

i 

10.27 ± .20 

4.1 1 dt .12 

42V 


IS 40 ± .33 

3.49 i .23 

42M 


13.90 ± .51 

4.81 ± .36 




42O1 


11.08 ± .23 

207 ± .16 

42N1 

, 

TI.69 ± .29 

2.87 ±: .20 

42X1 


9.74 ± .26 

2.76 ±: .18 

42Y1 

; 

8.29 ± .26 

2.64 ±.183 

42A11 

— f 

5.23 ± .12 

1.22 ± .08 

42B11 


8.46 ± .23 

2.44 ±: .16 

42F21 

! 

9.22 ±: .37 

2.94 :± .20 

42G21 

t 

TO.62 ± .38 

4.03 .27 

42J11 

i 

4.11 ± .09 

.98 ± .06 

! 
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i 

1 



( 

I 

j 

1 


Coefficient of 
variation 

1643 — I -2 1 
8.95 ± .61 

20.08 ± 141 
21.52 ± 1.51 

35.90 ± 1.38 
40.00 ± 1.56 

22.68 ± 1.50 
34.64 ± 2.89 

18.68 ± 1.35 
24.57 ± 1.82 
28.42 ±: 2.06 
31.81 ± 2.42 

23.30 ±1.69 
28.F0 ± 2.05 
31.88 ± 2.35 
38.02 ± 2.90 
23.80 ± 2.06 


ent (P*). “Topping” stage illustrating general growth habit. 
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ent (Pa). “Topping” stage illustrating general growth habit. 




Second generation individuals of cross between Little Dutch and Cuban. (A) 42M, (B) 42G, (C) 42F. “Topping” stage of 
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by the factor of maturity. In the majority of cases of the families stud- 
ied, this factor cannot be said to have played a part. 

The strain 42G the original plant of which is shown in plate 4, B, 
has been in many respects, the most interesting of all the families stud- 
ied. It appeared first in 1914 and was at once recognized as a dwarf 
form. This plant was only 17 inches high and possessed twelve small 
leaves and fifteen suckers. Although the strain has now run to the sixth 
generation, it shows no sign of giving off any homozygous forms, al- 
though several distinct types of plants have occurred in greater or less 
numbers. In 1917 a number of deformed plants or monstrosities ap- 
peared. Certain of the top leaves appeared to make no growth on one 
side, hence resulting in a curling to one side. The first flowers appeared 
very early and were malformed, various degrees of catacorolla and fasci- 
ation appearing which terminated the inflorescence, though the plants 
soon produced branches which flowered normally, but whose flowers 
were much smaller than those on the normal plants. 

Family 42F (plate 4, C) on the other hand seemingly bred true in 
all characteristics from the start. This plant was selected in the F2 on 
account of its desirable habit of growth and because it appeared to 
possess commercial possibilities. No variation which could be taken as 
germinal has been observed up through the F* generation. 

The results in 1918 for number of suckers (table 6) are quite in ac- 
cord with the results of 1917. The mean number of suckers for the 
Cuban type is I9.i4±i.70, while that of the Little Dutch is 4.i4±.05. 
The mean of the F^ is 15.69^ .02, considerably above the average of the 
two parents, which is 11.63. The explanation of this fact in view of 
the results in 1917, where the average of the parents and the obtained 
mean for Fi were very close, probably lies in a more favorable condition 
for heterosis (the stiqjulus of heterozygosis) to occur. The Fi genera- 
tion is again somewhat more variable than the parents, as shown by the 
standard deviation, but only slightly more so than the Cuban. The 
standard deviation for the Fi is 2.09±;.oi as compared with I.86±:.I2 
for the Cuban parent and only .S7±:.07 for the Little Dutch parent. 

The Fj, however, shows a standard deviation of 4.54^.08 and a mean 
of ii.98±:vH, which again shows the strong tendency on the part of the 
majority of the F2 population toward the suckering habit of the Cuban 
parent. 

In 1918 the succeeding generations of some of the F* families were 
grown side by side up to the Fq, together with the parents, Fi and F2, 
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Designation 

Gen. 

Little Dutch (15) 

p. 

Cuban (14 

Pa 

14 X IS 

F. 

424 

F, 

42A 

F. 

42AI 

F. 

42AII 

F. 

42AIII 

F. 

42J 

F. 

42 J I 

F. 

42JII 

F, 

42JHI 

F. 

42G 

F. 

42G2 

F. 

42G2I 

F. 

42M 

F. 

42MZ 

F. 

42V 

F. 

42VI 

F. 

42P 

F. 

42R 

F. 

42T 

F. 

i 



Standard Coefficient of 
No. Mean deviation variation 


58 4*14 ^ -OS .57 ^ .07 13.79 

54 19.14 ±1.70 1.86 ±: .12 9.71 

ss 15.69 ±. .02 2.09 ± .01 13.35 

fi8 11.98 :±: .II 4.54 ± .08 37.90 

44 8.61 ± .32 3.13 ±. .24 36.38 

j43 12.30 .29 2.88 ± .21 2348 

'56 5.26 ± .09 .97 * .06 18.45 

55 6.45 * -20 2.26 ± .14 35.05 

59 6.81 ± .19 2.18 ± .13 32.05 

57 5.47 ± .IS 1.71 ± .11 31.37 

57 S.01 ±. .10 1. 16 ± .07 23.14 

57 4.77 ± .n 1.25 ± .08 26.25 

57 17.14 zt .03 2.93 zt .18 17.14 

60 16.70 ±: .36 4.19 ± .26 25.13 

57 14.85 ±. .04 4.04 ±: .25 27.21 

44 15.63 dz .35 3.48 ± .25 22.28 

47 15.74 ^ .44 4.49 ± .31 28.56 

49 15,28 ± .28 2.95 ± .20 19.32 

52 13.12 ±: .23 2.37 ± .16 18.07 

45 13,04 ± 43 4.33 ± .31 33.18 

48 5.41 ± .17 1.76 ± .12 32.56 

59 14.22 ± .34 3.92 ± .24 27.54 
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this being possible owing to the long period of viability of tobacco seed. 
The conditions were consequently good for the comparison of the dif- 
ferent generations. In family 42A it may be noted that the mean has 
shifted upward and downward. This is better shown by the standard 
deviation which gradually shifted downward to a point approaching the 
homozygous condition but which rises again in the Fe generation. In 
family 42 J, however, the mean has been gradually shifted downward as 
has also the variability as shown by the standard deviation. Whether this 
could be still further lowered is in doubt. The results in the F4, F5, and 
Fe are, however, too close to warrant much significance being attached 
to them in this respect, and it seems quite probable that this family has 
been practically homozygous for number of suckers since the F4 gener- 
ation. Other families, as 42G, as indicated by the standard deviation, 
have shown no tendency to decrease in variability thus far, and are al- 
most as variable as the Fa. 

The coefficients of variability are not regarded as a good measure of 
the conditions in these studies and the comparison of the different gen- 
erations can be much better supplied by growing them in the same season 
and comparing the standard deviations, than by comparing the coefficient 
of variability under dissimilar conditions. 

Inheritance of weight of suckers 

It will be shown that considerable correlation exists between weight 
of suckers and number of suckers. In a study of suckering habit, how- 
ever, it is just as necessary to consider size of the suckers as their num- 
ber and it is not to be expected that those families which show the great- 
est number of suckers will necessarily show the greatest weight. A 
plant may form many small suckers or relatively few large suckers within 
a given period (plate 7, A and C). 

The first data on weight of suckers were taken in 1914. The data for 
1915 and 1917 only, will be presented, however, though the results of 
the five years bear out the conclusions drawn. Table 7 for sucker weight 
in 1915 shows the mean weight of the Little Dutch variety to be 22.2±: 
1.08 decigrams as compared with 49.631!= 1. 14 for the Cuban. Owing to 
the fact that the weights were taken relatively late, the Little Dutch suck- 
ers show a weight greater than normal as compared with Cuban, i.e., 
the Cuban suckers had reached their maximum weight some time before 
the weights were recorded, permitting the Little Dutch to make a pro- 
portionate increase. The mean weight of the Fi closely approaches that 
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parent (P2) illustrating “suckering” habit. 


Johnson, James, Inheritance of branching habit in tobacco Plate 7 



Second generation individuals of cross between Little Dutch and Cuban, illustrating segregation in '‘suckering*' habit (A) 
2V, (B) 42G, (C) 42M. 


Johnson, James, Inheritance of branching habit in tobacco 



Second generation individuals of cross between Little Dutch and Cuban, illustrating segregation in “suckering” habit. (D) 42F 
(E) 42J. (F) 42B. 
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of the Cuban parent, a fact which is again believed to be due to the 
stimulus of heterozygosis. The most significant feature in the results 
for 1915 are that, although a range of variation greater than that of the 
parents combined occurred in the F2, the F3 generations show a distinct 
segregation into families some of which, as 42F, show a smaller-sucker- 
ing habit than the Little Dutch parent, while others like 42 K closely ap- 
proach the Cuban parent in mean weight of suckers. 

Passing to the results of 1917 (table 8), which illustrate in a more 
satisfactory way the important points, we find that the mean weight of 
the Little Dutch suckers is 9.4±:.62 as compared with 46.4^1.41 ior the 
Cuban. The mean of the Fi and its reciprocal are very close and com- 
pare quite favorably with the average of the two parents, showing, how- 
ever, some heterosis. The mean weight for the Fz and its recipiocal is 
on the average about midway between that of the two parents, and the 
Fg families show means approaching that of the small-suckering parent 
to above that of the large-suckering parent. Considering the standard 
deviation of the weights of suckers for 1917, it should be first noted that 
the Little Dutch is not nearly as variable as the Cuban variety, and if we 
consider the average of the two as a measure of the standard deviation 
of the parents, we find the Fi is only slightly more variable than the 
average of the parents as regards suckering habit and not as variable as 
the Cuban parent considered alone. The Fz shows some increase in vari- 
ability, but not as much as expected, although the range is equal to that 
of both parents combined. 

Strain 42A11 has a comparatively low standard deviation (8.35^.58) 
but is probably not homozygous since results in 1918 for number of 
suckers apparently showed increased variation in the Fe. Strain 42B11, 
42V and 42M have greater deviation from the mean than the Fz and the 
two former are apparently considerably more heterozygous for weight 
than for number of suckers. It is worthy of note that whereas 42J11 
showed the least deviation from the mean in number of suckers 42A11 
showed the lowest deviation in weight of suckers, but the 42M. which 
showed the greatest deviation as regards number of suckers, also gave 
the greatest variation in weight of suckers. The question therefore 
arises as to the relation existing between the number and weight of 
suckers per plant. It will be shown that a significant correlation exists 
between these characters. The inheritance of weights of suckers in the 
cross of Little Dutch and Cuban is therefore similar to that of number of 
suckers. The marked variation in size of suckers as well as in number 
of suckers in this cross is illustrated in plates 6, 7 and 8. 



Johnson, James, Inheritance of branching habit in tobacco 



Genetics 4: 331 J1 1919 





332 


JAMES JOHNSON 


Correlations 

As already stated, a marked correlation appears to exist between the 
number and weight of suckers per plant in tobacco. Table 9 shows the 
distribution and correlation of these characters in 374 plants of the Fa 

Table 9 

Correlation between number of suckers and weight 
of suckers in Little Dutch X Cuban F^, 

Class centers of No. of suckers 




3 

6 

9 

12 

15 

18 

21 

Totals 

4i.> 

50 

13 

26 

16 

7 

3 


1 

“ 6s 

.60 

150 

3 

18 

31 

20 

16 

7 


95 


250 


15 

16 

20 

15 

10 


76 

0 

350 


10 

II 

18 

16 

12 

I 

68 

CO 

Jrt 3 

450 


6 

6 

16 

10 

6 

I 

45 

s ^ 
S 0 

550 



I 

4 

6 

I 


12 

650 



I 

3 

4 

2 


10 

to 

750 






I 


I 

(? 

D 

850 



I 

I 




2 

Totals 

16 

75 

~83 


70 

39 

2 

374 



Coefficient of correlation, .423 ± .028 


generation of Little Dutch and Cuban grown in 1917. The number and 
weight of the suckers of each plant were recorded as they were broken 
oif. The coefficient of correlation is found to be .4231!: .028 indicating 
a relatively good correlation between number and weight of suckers. It 
is quite likely that a greater correlation would have been obtained if a 
pure strain of seed had been used. This would not have brought out the 
point which it is desired to emphasize since the variability in such a case 
would be merely due to fluctuating variation. 

In the same manner, it is shown (table 10) that no correlation between 
number of leaves and number of suckers per plant can be said to exist, 
the coefficient obtained being — .oi2±.05. According to Shamel and 
CoBtEY (1907) a significant negative correlation should be obtained, i.e., 
a large number of leaves should result in fewer suckers, since such leaves 
make it physiologically more difficult for suckers to grow. While ad- 
mitting that such a physiological relationship may exist, the results pre- 
sented here indicate that there is little or no genetical relationship be- 
tween these characters. 

With respect to the relation of the shape and size of the leaf and size 
of suckers, it is to be expected that some negative correlation may exist. 
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ft and Cuban cross. 


Designation 

( 

r— 

1 



Suckers 

Average 

Breadth- 

index 

Mean 

number 

Mean 

weight 

(grams) 

*th 

Width 

14 Cuban 


•3 

7.1 

57-7 

18.3 

464 

15 Little Dutch 


•7 

7.9 

40.1 

4.5 

94 

14 X IS 


i .8 

7.9 

47.0 

1 1.6 

30" 

15 X 14 


!‘2 

8.0 

46.S 

11.3 

305 

424 

^3 

7.2 

44.1 

10.3 

309 

428 


.9 

7.8 

49.0 

11.3 

252 

42X^11 

i 

.1 

9.2 

65.2 

5.2 

143 

42B1I 


9 

6.2 

41.6 

8.S 

385 

42F2I 


.1 

9.8 

57.3 

9.2 

230 

42G2I 


5 

3 ^. 

32.3 

10.6 

485 

42 Jn 


a 

9.6 

63.1 

4.1 

393 

42N1 


.4 

7.5 

407 

1 17 

273 

42O1 


.2 

77 

4ai 

11.0 

318 

42X1 


.1 

4.6 

304 

97 

338 

42Y1 

i 

.6 

104 

66.6 

8.3 

206 

42M 

1 

7 

8.2 

52.2 

13.9 

237 

42V 

! 

h 3 

IQ.9 

71.2 

154 

340 
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Table io 

Correlation between number of leaves and number of suckers per plant of Little 

Dutch X Cuban Fa. 

Number of suckers per plant 




3 

4 

5 

6 

7 

8 

9 

IO 

II 

12 

13 

14 

IS 

i6 

17 

i8 

19 

Totals 

g 

II 


I 


I 






I 

1 







4 

•a 

12 







I 

I 


I 


I 






4 

u 

13 



4 



I 



2 

4 

I 

7 

I 



I 


i 21 

Ck 

14 




3 

3 

3 

1 

3 

2 

I 

2 

4 

2 

3 

3 

I 


31 

o 

> 

IS 

I 


I 

2 

3 

3 

I 

I 


2 


3 

3 

2 

2 

I 


25 

ei 

JS 

i6 




3 

2 


I 

I 


5 

I 

I 


2 


3 


19 


17 



I 

I 


3 

2 

2 

3 

2 



I 

2 


2 


19 

O 

l-i 

i8 

I 

I 

I 





2 

I 

2 


I 

I 



I 


- 

0^ 

19 





3 

I 

2 






I 


2 

2 

2 

13 

B 

20 


I 

I 


2 

I 

I 






2 

2 




IO 





I 















I 




















0 







I 













I 


Totals 

2 

3 

9 

IO 

14 

12 

9 

IO 


l8 

5 

17 

11 

II 

7 

II 

2 

IS9 


Coefficient of correlation, — .oi 2±.05 


since a large-leaved plant may tend to shade the suckers in some degree, 
hence reducing their rate of growth. It is not expected that this point 
can be cleared up definitely with the data at hand, but it has been thought 
best to present all the data for the various families in 1917 in the shape 
of a table of averages (table ii) of leaf measurements rather than to 
construct a correlation table. The breadth-index is given as a measure 
of leaf shape. It is obtained by dividing the breadth by the length and 
expressing the result in percent. No measurements have been made on 
leaf area, but a good idea of leaf size may be obtained by consulting the 
average length and breadth of the top, middle, and bottom leaves. The 
relative size and shape of leaves in this cross are illustrated in plate 2, 
showing that material for such a study was at hand. Without going 
into a comparison of these data in detail, suffice it to say that the family 
with the lowest breadth-index (42X1) does not possess the greatest aver- 
age number of suckers. In the same way the family with the largest 
breadth-index (42V) does not possess the lowest average number of suck- 
ers (in fact it has the greatest number) nor the smallest average weight 
of suckers. Again the family with the largest-sized leaves does not 
possess the smallest number or weight of suckers. There seems to be 
no indication in these data, therefore, that shape and size of leaves are 
consistently associated in any way with number or weight of suckers. 
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DISCUSSION OF RESULTS 

The Little Dutch and Cuban cross in tobacco offers a striking case of 
combination of parental characteristics and uniformity of type in the Fi 
generation, and of segregation in Fa into a great variety of forms in re- 
gard to various morphological characters. Furthermore, some of these 
Fa types may breed true from the start ■with respect to certain charac- 
ters; other types become fixed in the fourth or succeedit^ generations; 
and still others apparently continue in a heterozygous condition through 
the sixth generation. 

Although ratios in these various characters have been sought for, 
nothing satisfactory has been obtained which could be in any way made 
to conform to typical Mendelian ratios with any number of genes con- 
sidered. This is not believed, however, to signify that the characters are 
not confbrming to Mendelian principles. The assumption of “multiple” 
factors and continuous variation as propounded by Nilsson-Ehle (1908, 
1909) and East (1910) and later by a considerable number of investi- 
gators for various characters, can be made to explain the facts as they 
occur. This theory assumes that the parent plants differ in two or more 
separate genes for the character in question. These independent genes, 
allelomorphic to their own absence, are capable of adding to the char- 
acter and the heterozygous condition of any unit is half of the homozy- 
gous condition. Little can be gained at present by passing into a discus- 
sion of the number of probable genes involved in the inheritance of the 
suckering habit. There are undoubtedly a great number of such factors 
concerned, especially in weight. In any case the same mathematical 
scheme as applied by Hayes (1913) for number of leaves in tobacco or 
by various other writers for quantitative characters might be developed 
to fit the situation at hand. On the other hand, as assumed by Shull 
(1914), it is probable that some of the variability in the F2 and succeed- 
ing generations may be due to heterosis. 

If we can assume that the small-suckering habit of the Little Dutch 
is an expression of an unbranched condition and the large-suckering 
habit of the Cuban is the branched condition, the question arises as to 
which is the recessive condition. There seems to be little doubt that if 
we can justifiably use this term in this case, the unbranched or small- 
suckering habit tends to be recessive to the large-suckering habit. This 
conclusion is based largely on the predominance of large-and-numerous- 
suckering types in the Fj and on the fact that several small-suckering F2 
individuals have shown a tendency to breed true, whereas the large-suck- 



INHERITANCE OF BRANCHING HABIT IN TOBACCO 


335 


ering types have been more difficult to obtain in a homozygous condition. 
This is in accord with Miss Saunders’s observations on the inheritance 
of branching habit in stocks. Miss Saunders (1911) was apparently 
dealing with a true unbranched parent, rendering her results perhaps 
more easy of interpretation. 

Our results with tobacco are more similar possibly to the data of 
Emerson and East (1913) on number of stalks per plant in corn. The 
results are at least closely comparable, as are also those of Webber 
(1912) in a study of branching habit in peppers. 

The origin and behavior of family 42G in this cross has been very in- 
teresting. The original plant and a certain proportion of its offspring 
are truly ‘‘dwarfs'’ (figure i, B), if such a word can be used with* 
any degree of definiteness. Since the dwarf has not yet been obtained 
in the homozygous condition, considerable variation in height occurs, as 
may be seen by referring to family 42G21 in table 12. The true dwarfs, 
however, lie considerably below the mean given. 

The l>ehavior of 42G has been in many respects similar to that de- 
scribed by Stout (1915) for dwarf plants in Hibiscus oculiroscus. Its 
origin, however, is clearly that of a variate due to crossing two distinct 
varieties of tobacco belonging to the same species. No one would recog- 
nize this plant as related in any way to its grandparents. Furthermore, 
no plant in any way resembling it has appeared in several thousand F2 
plants grown. The similarity of its behavior to mutating forms and 
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Figure i. — Strains 42M and 42G growing side by side showing the characteristic of 
a “giant” (A) and the “dwarf” (B) forms produced in the Little Dutch and Cuban 
cross. 
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especially to mutating dwarfs is sufficiently striking to warrant mention. 
The author is inclined to believe, however, that it is a case of “true” 
segregation. 

Another abnormality which has arisen in this cross, which has not oc- 
occurred in either the Little Dutch or Cuban parent or in any other 
known type of tobacco, was first noted in 1917. This abnormality has 
evidenced itself as a peculiar “physiological weakness” of the plants oc- 
curring late in the season. The veins of the leaves starting from below 
first show sig^s of browning and deterioration (not decay) (figure 



Figure 2. — Small portion of area of leaf of 42A showing the characteristic pattern 
on leaves of plants exhibiting “physiological weakness’'. 

2). This results in an intermediate stage in a peculiar netting of 
the leaves, which finally dry up from the bottom. In 1918 it was noted 
that the suckers coming from the base of plants cut oflF a few weeks 
previously began to die from this trouble indicating strongly that the 
difficulty arises at the roots of the plants, which apparently lose their 
power to function properly, although close examination showed no strik- 
ing abnormality of these organs. In the F2 these plants occurred in a 
ratio of about i to 25. Two Fa strains, 42A and 42M, were uniformly 
affected in 1917 and were again affected in 1918 in a similar manner. 
This characteristic was therefore behaving as a recessive. The appear- 
ance of this variation, entirely new and different from anything ob- 
served in a large number of cultures grown under a wide variety of 
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conditions for a number of years, is sufficiently significant to warrant 
mention, since it indicates the production of an entirely new character in 
tobacco so far as my observations have gone. 

SUMMARY 

The inheritance of the branching or suckering habit of tobacco has 
been studied in a cross between a Cuban type possessing many large 
suckers and a Little Dutch strain possessing few and small suckers. The 
conclusions are based largely on counts and weights of suckers of the 
parental types and the succeeding generations of the cross made over a 
period of several years under widely varying environmental conditions. 
The conclusions are more specifically drawn, however, upon the data 
here presented in which the parents and several succeeding generations 
of the 9ross were grown in the same year under identical conditions. 
Some data are also given on correlations between number of leaves and 
number and weight of suckers and on the inheritance of height of plants, 
number of nodes and leaves, flowering, and leaf size and shape. The 
results seem to justify the following conclusions : 

1. The branching or suckering habit of tobacco is a distinct charac- 
teristic and its behavior in inheritance is similar to that of other inherit- 
able characters, although it is subject to very considerable fluctuating 
variation due to environmental conditions and to certain physiological 
factors. 

2. The Fi generation of the cross between the variety with large and 
numerous suckers and the one with small and few suckers is intermedi- 
ate between the two parents for number of suckers, although it is some- 
what above the intermediate condition for weight of suckers, due no 
doubt to the stimulus of heterozygosis. 

3. The reciprocal Fj generations behave in an almost identical man- 
ner and the variation in this generation is on the whole no more than 
that of the most variable parent as shown by the standard deviation. 

4. The F2 generation possesses a range of variation as great or greater 
than that of the combined range of the two parents. The standard devi- 
ation from the mean as regards suckering habit is practically twice that 
of the average of the parents or of the Fi. The large majority of the . 
Fs plants seem to approach more nearly the numerous-and-heavy-sucker- 
ing type than they do the parent with few and small suckers, although 
this cannot be said with certainty as the means more nearly resemble the 
intermediate condition found in the Fi. 
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5. Segregation in regard to suckering habit is definitely shown in the 
Fa and succeeding generations. Strains have been isolated which sucker 
even less profusely than the Little Dutch parent, while others have been 
almost as prolific in this respect as the Cuban type. The large majority 
of the strains, however, range between the two extremes. The standard 
deviations show that certain of these strains are no more variable than 
the parents and are probably breeding true for suckering habit. Other 
strains, however, carried as far as Fe, have failed to show any signs of 
the homozygous condition. The production of few and small suckers is 
seemingly the recessive condition. 

6. The inheritance of suckering habit is purely quantitative and not 
separable into satisfactory classes or ratios. The results are comparable 
with those obtained by East, Hayes, and Emerson for various quantita- 
tive characters in tobacco, maize, and other plants. It is believed the 
data should be interpreted in a similar way on the multiple factor hy- 
pothesis. 

7. A considerable number of random observations and some system- 
atically recorded data tend to show that no particular correlation exists 
between number, size, or shape of leaves, and the number or size of 
suckers in the second generation of a cross between a large-suckering 
and a small-suckering type. The production of a non-suckering type of 
tobacco combined with the commercial practice of ‘‘topping” is probably 
impossible for purely physiological reasons. It is believed, however, that 
by crossing and selection, the production of relatively-few-and-small- 
suckering strains of a certain type of leaf may be obtained which may 
be of some commercial importance; although it is probable that, on ac- 
count of the number of factors involved, the combination of this char- 
acteristic with the proper leaf shape and quality will be extremely diffi- 
cult to obtain. 

8. Combination and segregation of characters has also been shown in 
this cross for such characters as height of plant, number of nodes and 
leaves, size and shape of leaves, and time of flowering. 

9. The occurrence of two abnormalities entirely foreign to the parents, 
one a morphological monstrosity and the other a “physiological weak- 
ness,” are recorded merely as illustrating the occurrence of “new” char- 
acters in a variety cross under controlled conditions. 
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INTRODUCTION 

In the first paper of this series (East and Park 1917), where the be- 
havior of self -sterile plants was described in some detail, it was pointed 
out that the difference between self-fertile and self-sterile plants might 
prove to be a wholly different problem. This statement has been over- 
looked by several reviewers who criticized the interpretation of the be- 
havior of self-sterile plants proposed because it failed to take into ac- 
count the phenomenon of self-fertility. The prediction was not made at 
random, however. Even at that time various data had been gathered in- 
dicating a simple one-factor difference between self-fertile and self- 
sterile plants in keeping with Compton’s previous work (1912) on 
Reseda odorata. It can now be stated unequivocally that the position 
then taken is correct. In the material investigated self-fertile plants 
differ from self-sterile plants by a single essential Mendelian factor. 
Self-fertility is dominant. Adopting a presence-and-absence mode of 
expression, a plant is self-fertile because of the presence of a determiner 
for self-fertility ; when this determiner is absent, the individual is self- 
sterile. 

Compton’s work on reseda 

The only investigation in which crosses between self-fertile and self- 
sterile plants have been studied is that of Compton (1912, 1913) on the 
mignonette, Reseda odorata. Having had his attention directed to the 
species by the observations of Darwin, a number of experiments were 
made with the following results : 
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(i) Self-sterile plants intercrossed produced only self-sterile off- 
spring. (2) Certain self-fertile plants when self-fertilized threw ap- 
proximately 3 self-fertile to i self-sterile offspring. (3) These same 
plants when cross^ with self-sterile individuals, produced self-fertiles 
and self-steriles in the ratio one to one. (4) Other sdf-fertile plants 
yielded none but self-fertile offspring from selfed seed. 

These facts are satisfactorily interpreted by assuming a single factor 
difference with complete dominance. The recessives produced only re- 
cessives. The dominants in part produced only dominants and in part 
produced both types in the usual ratio of 3 to i. He was dealing, there- 
fore, in part with homozygous and in part with heterozygous plants, 
and the behavior of the heterozygous individuals was checked by the 
bade cross with the recessive. 

CORROBORATION OF COMPTON'S RESULTS BY EXPERIMENTS ON NICOTIANA 

These experiments of Compton have been corroborated by crossing 
two of the self-sterile species used in our previous work, Nicotiana For- 
getiana and Nicotiana data, with a third species Nicotiana Langsdorffii, 
which is consistently self-fertile. 

Nicotiana Forgetiana and Nicotiana Langsdorffii were crossed recip- 
rocally. In each case the plants were very vigorous, exceeding both 
parents somewhat in height. They grew quickly, matured rapidly, and 
produced a profusion of fertile flowers. The flowers were somewhat 
intermediate in size but resembled the larger-flowered parent, Nicotiana 
Forgetiana, in form. No difference could be discerned in the reciprocals 
either in the first or second hybrid generation in appearance or behavior. 
The two experiments may therefore be considered as one. 

About 400 plants were grown and selfed by hand with the usual pre- 
cautions against cross-pollination. In each case, from 6 to 20 blossoms 
were operated on. Every plant wets self -fertile. Seed set in abundance, 
filling the capsules. Not every flower pollinated produced seed, of course, 
but the percentage was practically the same as that obtained in check ex- 
periments on pure Nicotiana Langsdorffii, 85 percent. The work was 
completed as early in the season as possible in order not to be disturbed 
by the pseudo self-fertility which is sennetimes present in self-sterile 
{dants at the close of the flowering season. 

From selfed seed of the cross N. Forgetiana X N. Langsdorffii, 89 
plants were grown and tested foraelf-fertility by guarded hand-poUina- 
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tions such as were made in the first hybrid generation. Of them 70 
proved to be self-fertile and 19 self-sterile. 

From selfed seed of the reciprocal cross, 92 plants were tested. Of 
this lot 74 showed self-fertility and 18 self-sterility. There was a sum 
total, therefore, of 144 self-fertile and 37 self-sterile plants in F2, a 
ratio 3.8 to i. 

If the hypothesis of a one-factor difference is correct the deficiency of 
recessives is somewhat greater than is to be expected in a population of 
this size. Nevertheless this failure to measure up to expectation need not 
disturb us. About one-fourth of the bags used in protecting the flowers 
were torn by wind, and the plants had to be tested a second time. This 
unfortunate occurrence prolonged the experiment until well into Sep- 
tember when the plants were past their prime. It is not unexpected 
therefore that some truly self-sterile plants should have been vlisted as 
self-fertile because of ‘‘end-season” pseudo-fertility. In fact a slight 
fertility was shown by about 30 percent of the plants classed as self- 
sterile ; i.e., they produced partially filled capsules in about 1 5 percent of 
the pollinations. 

These plants were tested further by taking them into the greenhouse 
and bringing them into a second season of flowering. Pollinations were 
then made at the beginning of the season, and the plants proved to be 
fully self-sterile. 

If this be not sufficient evidence to prove the case, there is the be- 
havior of the third hybrid generation to be relied upon. All progeny of 
the recessive (self-sterile) segregates of F2 were again self -sterile. 
About 200 were tested. 

The cross between N. Langsdorffii and N. (data yield results similar 
to those just described. The plants of the first hybrid generation were 
all self-fertile; those of the second hybrid generation were partly self- 
fertile and partly self-sterile. About 200 Fz plants were tested, of which 
38 were self-sterile. Again there was a deficiency of recessives. The 
progeny of the self-steriles were all self-sterile, but no investigation of 
the amount of pseudo self-fertility was made. The matter of particular 
interest in this cross was the cross-fertility of Fz plants having flowers 
of very different corolla lengths. Flowers were obtained as short as 2.0 
cm and as long as 6.0 cm, yet reciprocal crosses were very easy to make. 

It will be remembered that Kolreuter was unable to fertilize Mirab- 
Uis longiflora with pollen from Mirabilis Jalapa although the reverse 
cross could be carried out without difficulty. In interpreting these facts 
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it has been customary to assume that M. Jdapa pollen tubes are short 
and thus unable to reach the micropyles of the ovaries of M. longiftora. 
From work on pollen-tube growth (East and Park 1918) and observa- 
tions on the F* individuals of the cross between N. Langsdorffii and 
N. data, we believe this assumption to be incorrect. Pollen tubes of all 
species observed by us have continued to grow as long as the flowers 
remained unwithered even in many generic crosses. The real cause of 
the occasional lack of success when a long-flowered plant is pollinated 
with pollen from a short-flowered plant, therefore, is in the “death” of 
the flower before the pollen tube has had time to reach the micropyle. 

Though we may conclude that lack of a particular factor F results in 
self-sterility, there are some other factors to be considered in the be- 
havior ,of crosses between self- fertile and self-sterile plants. When the 
self-sterile s^egates of the cross between N. Forgetiana and N. Langs- 
dorffii were examined carefully throughout the second flowering season, 
the type of self-sterility present did not seem to be the same in all cases. 
A majority of the plants exhibited a much greater amount of pseudo 
self-fertility than had ever been found in N. Forgetiana. In that species 
only an occasional plant produced a few selfed seeds and then only at the 
extreme end of the flowering season. Among the F2 individuals of the 
cross, however, pseudo-fertility set in about the middle of the season and 
from then on it was very easy to get capsules which on casual examina- 
tion would be said to be full of seed. As a matter of record only about 
30 percent of such pollinations were successful and the capsules on the 
average had only about 70 percent of the normal complement of seed. 
Nevertheless, some 60 to 75 percent of the F2 segregates classified as 
self-sterile showed at least 100 times the pseudo-fertility of the parent 
species, N. Forgetiana. The remaining plants were comparable to the 
latter in self-sterility. 

It was also noticeable that the progeny of the most self-sterile of the 
F2 plants were similar to them, while the progeny of the others were in 
part like their mother plants and in part like N. Forgetiana. 

The simplest explanation of this state of affairs is that there is really 
a two-factor difference as regards self-sterility and self-fertility between 
N. Forgetiana and N. Langsdorffii. N. Langsdorffii is homozygous for 
a factor F; when this factor is absent the plants are self-sterile. It is also 
homozygous for a dilution factor D. The constitution of N. Forgetiana 
is dd ff. The Fi individuals, having the constitution Ff Dd, are all self- 
fertile. In the F2 generation a ratio of 9 PD : 3 Frf : 3/Z) : i fd is 
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obtained. There are 3 self-fertile to i self-sterile because of the distri- 
bution of the allelomorphic pair F and /. But of the self-steriles, those 
having the constitution fD show a great deal more pseudo self-fertility 
than those having the constitution fd. Only the fd plants are wholly 
comparable to N. Forgetianca. 

In describing the behavior of self-sterile plants this statement was 
made (East and Park 1917) : 

“The waning of the reproductive period affects N. cUata and N. 
glutinosa more markedly than it does N, Forgetiana or AT. angustifolia. 
This indicates multiple allelomorphism in a fundamental factor the pres- 
ence [or absence] of which is necessary for the development of self- 
sterility. This factor should not be confused with any of those assumed 
in the interpretation of the behavior of self-sterile plants among them- 
selves.’’ 

The peculiarities of the cross between N. Forgetiana and N. Langs- 
dorffii show that subsidiary factors affecting the manifestation of self- 
sterility, given homozygosity in ff, are as likely to be the interpretation 
of the differences shown in these four species as is multiple allelomorph- 
ism. 


SUMMARY 

Data are reported showing that in Nicotiana self-sterility is due to 
the presence of the allelomorph of a dominant fertility factor, F, When 
a population is homozygous for this factor, ff, it is self-sterile. 

The factors which control the peculiar and systematic behavior of self- 
sterile plants when intercrossed among themselves are wholly independ- 
ent of this factor and the latter does not need to be considered in an 
interpretation of their expression. 

The manifestation of self-sterility as evinced by the degree to which 
pseudo-fertility shows, is due to a subsidiary inherited factor (or fac- 
tors), but without the presence of the principal factor ff there is no evi- 
dence that it functions. 
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INTRODUCTION 

Selective fertilization has been evoked many times as a means of ac- 
counting for peculiar or unusual breeding results. Castle’s (1903) 
original theory of sex-determination, and Cu6not’s (1908) interpreta- 
tion of the non-appearance of homozygous yellow mice, are examples. 
Fortunately, it has always been possible to explain matters without re- 
taining the hypothesis ; in many cases, in fact, direct proof has been avail- 
able that selective fertilization does not occur. Nevertheless, selective 
fertilization as a contingency has remained a sort of nightmare to in- 
vestigators in genetics. Such antipathy is not unnatural, but one must 
have in mind the changes which have taken place in the subject during 
the last decade, to understand clearly the reason. 

Mendel’s discoveries, the Laws of Segregation and of Recombina- 
tion, made heredity enticingly simple. All extensions, additions and ex- 
ceptions have tended toward comjdexity. In this genetics has but re- 
peated the history of chemistry and physics, yet it is to be expected, per- 
haps, that any suggested change in genetic conceptions savoring of in- 
creased complexity should find favor slowly. And selective fertilization 
is a tenet which would increase the difficulties of the subject a hundred- 
fold. 

The outgrowth of Mendelism has been a theory of inheritance founded 
on the conception of specific character determiners, genes, located in the 
chromatin. In the sense that the central problem of heredity is clearly 
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one of chromosome, or at least of chromatin, distribution, the modem 
generalization has a simple grandeur not found in early Mendelism ; but 
this simplicity is quite delusive, as a short consideration shows. 

The conception of the gene is unquestionably the foundation of ge- 
netics. Students of heredity have submitted good evidence that characters 
are the product of many relatively stable genes which have a real basis in 
the germplasm, and that each of these genes may be the cause of various 
effects in different parts of the organism. They have shown that while 
the effects of a particular gene may not be wholly the same under dif- 
ferent environmental conditions, nevertheless neither changes in the fac- 
tors of environment nor association in particular combinations in the 
germplasm serves to change their individuality or constitution with a 
significant frequency. 

Heredity, then, is the distribution of genes, and the genes have been 
located definitely in the chromosomes. Fortunately, chromosome distri- 
bution has been standardized in a remarkable manner in the majority of 
plants and animals; hence, the greater part of the phenomena found in 
breeding experiments may be described by a comparatively few simple 
mathematical formulae. It is to this orderly chromosome distribution 
that one must impute the utility of the Mendelian nomenclature, for to 
it in large measure is due the regularity with which certain ratios recur. 
There are irregularities in chromosome distribution, it is true. They 
have even furnished some of the critical tests of the modern theory of 
heredity taken as a whole. But because they curtail the practical value 
of the theory through limiting the possibilities of prediction, it is well 
that they are rare. 

The standard chromosome mechanism for distribution of genes is that 
in which homologous chromosomes mate at synapsis, and homologous 
genes, one from either parent, pass by chance to either pole of the mitotic 
figure, in the formation of the mature gametes. The chromosomes may 
separate without having exchanged genes, presumably; or, genes may be 
exchanged Just how this interchange occurs is not wholly clear. Mor- 
gan haamssumed that the genes have a linear arrangement, and that 
there mmt be transverse breaks in the chromosomes. Castle (1918) 
believes the arrangement is not linear, and that breaks may occur in 
many ways. It is possible that neither assumption is correct. The writer 
has felt for some time that possibly the genes are arranged spatially in a 
manner somewhat analogous to that assumed by chemists for organic 
molecules, though perhaps it might be better to say in a manner an- 
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alogous to certain crystals, for there certainly is no evidence that the 
genes are radicles belonging to sir^le molecules. But the point is that 
with a spatial arrangement similar to that assumed for the radicles of 
molecules, with the homologous chromosomes mirror images of each 
other, with homologous genes interchanging by a definite mechanism, 
a more delicate system of action is possible than with mere chromosome 
breaks. 

However this may be, the hinge on which the usefulness of this whole 
scheme turns is that the genes pass to either daughter cell by chance, and 
that the gametes thus formed mate by chance. 

Even when such inheritance obtains, selective elimination of both 
gametes and zygotes is somewhat common, and causes rather chaotic con- 
ditions wherever it occurs. For example, the difficulties which charac- 
terize all endeavor to analyze inheritance in the Oenotheras are probably 
due in large measure to this cause. The additional difficulties which 
would arise should it be found that there is selection of genes in gamete 
formation, and selection of gametes at fertilization are so great as to be 
hardly imaginable. 


DISCUSSION OF THE PROBLEM 

Particularly suitable material with which to test the second possibil- 
ity is found in those plants which are self-sterile. Since the direct cause 
of self-sterility is the slowness of growth of self pollen tubes as com- 
pared with cross pollen tubes, it would seem as if selective fertilization 
would have a better opportunity to manifest itself tmder such circum- 
stances than under those which obtain in self-fertile plants and in animals. 

Experiments with the self-sterile species Nicotiana Forgetiana, N. 
alata and N. angustifolia have shown that in self-pollinations and in in- 
compatible cross-pollinations the pollen grains germinate as well as in 
compatible cross-pollinations. No differences are to be found between 
the two types either as to the percentage of grains germinating, the 
length of time required for germination, or the size of the tubes after 
germination, provided pollen tubes of the same length are measured. 
Pollen tubes produced after self-pollination or after incompatible cross- 
pollination grow so steadily that length plotted against time is a straight 
line; but pollen tubes produced after a compatible cross grow at such a 
constantly increasing rate that the growth curve resembles that of an auto- 
catal3dic reaction. As th^o^veri*^ season is about to come to an end, 
more rapid pollen-tube growth occurs after a self-pollination or an in- 
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compatible cross-pollination, though there is little evidence of the acceler- 
ated growth characteristic of compatible combinations. The pollen tubes 
grow more rapidly, but the curve by its constant velocity still resembles 
the curve of a ‘‘normal” self-pollination. 

These facts are the basis of our problem, and naturally they suggest 
the possibility of selective fertilization. Part of the work reported in 
the first of these studies (East and Park 1917) was done upon a cross 
between N, Forgetiana and N. (data. The segregating generations nat- 
urally contained numerous individuals heterozygous for a large number 
of hereditary factors. There were differences in height of plant, size 
of leaf, color of flower, and size of flower, differences which could hardly 
be interpreted as the result of less than twenty or thirty determiners un- 
less a great many of the variations shown in different organs were due 
to the activity of a single gene. Similar hereditary differences were 
marked even in the so-called pure species. This being true, it is im- 
portant to know whether pollen tubes whose nuclei carry certain de- 
terminers grow faster than those which carry other determiners. 

POLLEN-TUBE FREQUENCY DISTRIBUTIONS 

One method which throws some light on the probability of selective 
fertilization is that of studying the frequency distribution of the pollen 
tubes after pollination. When applications of pollen are made, and the 
pistils prepared, sectioned and stained at varying periods of time after 
pollination, similar results are obtained no matter what the type of com- 
bination has been. In table i, for example, a few frequency distributions 
of pollen-tubes after self-pollinating self-sterile plants during the height 
of the flowering season, are given. In general they are minus skew, and 
show that the greater number of pollen tubes are grouped at points from 
3.5 mm to 7.5 mm from the end of the stigma at the expiration of from 
5 to 7 days after pollination. A number of tubes have pushed out ahead 
of the majority, and a great many pollen grains — from 5 to 25 percent 
— ^have not germinated at all. 

Distribution of pollen tubes in sections of pistils from self-sterile 
plants which had been pollinated at the end of the flowering season, show 
practically the same thing (table 2). . The pollen tubes have reached dis- 
tances comparable to those shown in table i in a shorter period of time, 
but otherwise no marked difference can be seen. 

These two tables are presented merely for comparison with tables 3 
and 4. 
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Table i 

Frequency distribution of pollen tubes after self -pollinating self-sterile plants during 
the height of the flowering season. 


Distance from the stigma in millimeters 


data 

1.5 

2.5 

3*5 

4.5 

5.5 

IQS 

m 


m 



12.S 

13.S 

I 4 -S 

1 section after 

5 days 

2 

20 

25 

20 

14 

6 

5 

2 


1 

1 

■ 



I section after 

6 days 

■ 

1 

43 

30 

30 

20 

13 

1 

1 

5 

2 

2 

z 


I section after 

6 days 

2 

2 

50 

41 

40 

16 

17 

6 

5 

2 

3 

I 

I 


I section after 

7 days. 





4 

20 

24 

18 

9 

■ 

2 

2 

I 


I section after 

7 days 



I 

6 

20 

25 

21 

16 

16 

8 

6 

2 

1 

X 


Table 2 

Frequency distribution of pollen tubes after self-pollinating self-sterile plants at the 

end of the flowering season 


Distance from the stigma in millimeters 


data 

- - i 

i.S 

2.5 

3.5 

4.5 

5.5 

6 .S 

7.5 

8.5 

9*5 

10.5 

11.5 

12.5 

13.5 

14.5 

I section after 

3 days 

3 

3 


30 

16 

6 

2 ’ 

1 

I 

I 

I 





I section after 

3 days 


1 6 

30 

21 

20 

18* 

6 

2 

2 

I 





I section after 

4 days 


I 

6 

20 

28 

16 

8 

4 

5 

2 

1 




I section after 

4 days 



2 

6 

18 

25 

26 

24 

20 

x 6 

8 

2 

X 


X section after 

4 days 






2 

z 8 

20 

18 

8 

6 

4 

3 

z 


In table 3 some distributions of pollen tubes from the F2 generation of 
a crc«s between N. Forgetiana and N. aiata are gpven. The cross is com- 
patible, and since the individuals are unquestionably heterozygous in a 
large number of factors, they should show a mariced tendency to vary if 
there is selective fertilization. The frequency distributions shown in 
table 4, on the other hand, where sib matings for three generations ought 
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Table 3 

Frequency distribution of pollen tubes after cross-pollinating compatible plants of 
generation N, Forgetiana X -V. cUata, 


Source of 
data 

Distance from tht stigma in millimeters 

10.5 

n.S 

12.5 

13.S 

14.5 

15.5 

16.5 

17.5 

18.S 

19.5 

20.5 

2I.S 

I section after 

2 days 

3 

16 

26 

28 

24 

21 

16 

12 

8 

2 

I 

I 

I section after 

2 days 

6 

20 

21 

16 

8 

3 

I 






I section after 

2 days 



I 

16 

20 

18 

16 

8 

i 

3 

3 

I 


I section after 

3 days 




1 

16 

15 

14 

8 

4 

2 

2 

2 

I section after 

3 days 



I 

6 

40 

28 

20 

16 

3 

I 

I 



Table 4 


Frequency distribution of pollen tubes after cross-pollinating compatible plants of F^ 
generation (sib matings') N. Forgetiana X N, alata 


Distance from the stigma in millimeters 


data 

10.5 

11.5 





16.S 

175 

18.S 


20.5 

21.5 

I section after 

2 days 


6 

18 i 

24 

20 

18 

■ j 

7 

i 

2 

4 

i 

■ 


I section after 

2 days 



2 

36 

30 

20 

18 

7 

6 

5 


1 

I section after 

3 days 



I 


26 

21 

17 

5 

5 

2 

I 


I section after 

3 days 


1 


2 

24 

21 

18 

3 

8 

I 

2 


I section after 

3 days 





I 

16 

26 

21 



10 

4 


to have brought about a considerable degree of homozygosis, should be 
less variable. As a matter of fact, however, there seems to be no signifi- 
cant difference in the two cases. 

There is no evidence that variability in gametic constitution is the 
cause of variability in rate of pollen-tube growth. In fact, there is no 
positive proof that there is a measurable variability in pollen-tube growth. 
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In both of these types 6f pollination and in all similar cases examined, 
percentages of ungerminated pollen grains comparable to those deter- 
mined for incompatible matings were found. The actual percentages 
have little meaning, for ungemiinated pollen grains are loosely held by 
the stigmas and the correct number of grains which do not germinate is 
not likely to be obtained. But the fact that a considerable percentage 
of grains which contain protoplasm and in every respect seem to be nor- 
mal, remain as long as 6 days without germinating, leads one to believe 
that difference in the rate of germination is largely responsible for the 
varied length of the pollen tubes measured. The pollen grains may 
differ among themselves in the thickness of their walls or the composi- 
tion of the protoplasm outside the nuclei, thus accounting in some 
measure for rapidity of germination, without it being necessary to 
assume gametic differentiation as a cause. Furthermore the entire 
series of results on the behavior of self-sterile plants reported in the first 
paper of this series (East and Park 1917), makes it unlikely that differ- 
ences in gametic composition show themselves in any way before fertili- 
sation. The factorial composition of the mother plant controls the be- 
havior of self-sterile plants, and all the pollen grains of a single plant 
may be taken to have the same factorial composition as far as any func- 
tions to be performed before fertilization are concerned. 

It is not to be supposed that the variability in length of pollen tube 
shown in tables 3 and 4 really represents the difference of time at fertili- 
zation. In compatible matings the pollen tubes grow faster and faster so 
that the variability shown in a frequency distribution of pollen tubes de- 
termined at I day or 2 days after pollination may be quite different at a 
later date. It has not been found possible to obtain satisfactory measure- 
ments of pollen tubes as they approach the micropyles, but it may be as- 
sumed that at this time the rate of gjrowth is so fast that practically all 
of the ovules are fertilized within a' few hours. Selective fertilization is 
hardly probable therefore for this additional reason. 

INFLUENCE OF THE GROWTH OF COMPATIBLE POLLEN TUBES UPON IN- 
COMPATIBLE POLLEN TUBES 

In interpreting the results of our experiments on pollen-tube growth 
(East and Park 1918), it was assumed that after a compatible cross 
substances are secreted in the pistil which accelerate the elongation of the 
tube, and that the immediate cause of this secretion is a catalyser which 
the pollen-tube nucleus is able to produce because the hereditary consti- 
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tution of the plant producing it is diflferent from that of the plant on 
which it is placed. Superficial consideration might lead one to suppose 
that if this were true, incompatible pollen tubes would be accelerated by 
the growth of compatible pollen tubes if a mixture of the two kinds of 
pollen were placed on the stigma. Second thought, however, shows that 
this is probably not the case. Plant enzymes are colloids having large 
molecules, hence they do not pass freely through cell membranes. Their 
actions are largely local ; where they do not seem to be local, the direct 
cause of the reaction is more likely to be a crystalloid produced by ac- 
tion of the colloid. 

The writer has been able to devise no experiment to measure absolutely 
such possible stimulation, but two experiments have shown that when 
mixtures of compatible and incompatible pollen are applied to a single 
stigma, only the compatible pollen produces seed. 

In the first experiment a number of pistils were pollinated with a defi- 
nite number of compatible pollen grains. The work was done under a 
binocular, and the count is thought to be accurate within an experimental 
error of ±2 grains. The pistils were then carefully covered with in- 
compatible pollen. Eight capsules matured with the results shown in 
table 5. 

Table 5 

The effect of compatible pollen on the growth of 
incompatible pollen tubes. 


Pistil 

No. 

Number of compatible 
pollen grains 

Number of seeds 
produced 

I 

51 

46 

2 

48 

42 

3 

50 

41 

4 

62 

49 

5 

32 

23 

6 

67 

58 

7 

61 

54 

8 

46 

40 


The indications from this experiment are that no incompatible pollen 
tubes contributed to the production of the seeds obtained; but of course 
it is impossible to maintain that these tubes were not accelerated in their 
grrowth to some d^ree. 

In the second experiment, a more critical test of the matter was made. 
Three pistils of a white-flowered self-sterile plant coming from a liiie of 


CiMBTici 4 : J 1 1919 



354 


E. M. EAST 


plants homozygous for this color were selfed. Five or six hours after 
these plants were covered with pollen from a self-sterile family bearing 
red flowers. Capsules full of seed were obtained. If these seeds were 
produced by the compatible pollen only, the resulting progeny should be 
red-flowered for red is dominant; if incompatible pollen has functioned, 
white-flowered plants should be obtained. Three hundred plants have 
been grown with not a single white-flowered individual. 

SUMMARY AND DISCUSSION 

The experiments described in this paper were designed to test the 
possibility of selective fertilization occurring in self-sterile Nicotianas, 
it being assumed that from the nature of the material the phenomenon 
might here be possible. ( i ) Comparisons were made between the pollen- 
tube frequency distributions of highly heterozygous and of comparatively 
homo'zygous plants. (2) The influence of compatible matings on in- 
compatible matings was investigated. In neither case was there any 
indication of selective fertilization. 

Though it is impossible to prove a negative, there is so much circum- 
stantial evidence against selection both in the formation of gametes and 
zygotes, the probability that it ever occurs is very remote. In the first 
place gametes are formed in many animals and plants, particularly in 
species crosses, which can never function. If the mechanism of gamete 
formation were such as to make it necessary to assume a selection of 
genes, a low frequency of non-functional gametes would be expected. 
Similarly zygotes are produced in the numbers to be expected by chance 
mating of gametes, even though these zygotes have no possibility of 
passing through a complete life cycle. There are two cases in mice, eight 
in Drosophila, and four in plants where the evidence of lethal factors 
is too complete to be disregarded. In reality there are probably hun- 
dreds of such instances in plants and animals which have been investi- 
gated during recent years that ought to be interpreted in the same man- 
ner. 

Again, pollen grains show no tendency to behave as if the genes which 
they carry function before fertilization. It will be recalled that Bateson 
(1909) found pollen shape and color in the sweet pea to be inherited as 
a maternal character. The writer (East 1916) has corroborated this 
discovery for color of Nicotiana pollen. It may be claimed, however, 
that these facts are just what is to be expected because of the morpho- 
genesis of the outer characters of the pollen grain. This is true; but 
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the criticism does not apply to the phenomena found in the behavior of 
self-sterile plants in cross matings where cross-sterility of groups of 
plants exists presumably because of genes possessed by the mother plants. 
In fact the only activity shown by a male g^metophyte which seems to 
be due to the factors it is carrying over into the next generation, is a lack 
of any activity. In Selling’s (1914) work on the velvet bean, he found 
50 percent of the Fi pollen was abortive in a certain cross. It appears 
then that in this instance the presence or absence of a gene of the gener- 
ation which would ordinarily function after fertilization, has caused the 
pollen grain to abort. This lack of ability to function does not neces- 
sarily mean the actual activity of the genes of this generation however ; 
the machine has simply remained uncompleted, so to speak. For this 
reason, there seems to be no wisdom in even suspecting selective fertili- 
zation ; unless mixtures of pollen (or spermatozoa even) from different 
individuals should be used. If pollen grains from a single plant are 
alike as far as their activities before fertilization are concerned, there 
is no basis for selection. 

May we not extend this conception to animals for the present and ac- 
cept as a fundamental genetic hypothesis the tenet of chance segregation 
in the germ cells and chance mating of these germ cells? 
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In the first paper of this series (East and Park 1917),^ the behavior 
of a number of families of self-sterile plants under various schemes of 
mating was described. In one cross between the two species Nicotiana 
Forgetiana and Nicotiana alata, fifty-three plants of the F^ generation 
could be separated into not less than four groups in which each member 
of every group was cross-sterile with every other member of that group, 
although showing cross-fertility with every member of every other 
group. The interpretation given of these and other similar facts was in 
brief as follows: (i) a self-sterile species exhibits this peculiarity be- 
cause homozygous for a basic self-sterility factor; (2) a series of par- 
tially coupled factors affects the behavior of sterile plants among them- 
selves; (3) these secondary factors act as if sporophytic in nature, so 
that all gametes produced by a single individual are identical in this re- 
gard with the plant on which they originated ; (4) the nature of the ac- 
tion of these secondary factors is such that two plants are not fertile to- 
gether unless they differ by at least one of these factors. 

Though the self-sterility and the cross-sterility existent in these plants 
is fully expressed at the beginning and height of the flowering season, 
toward the close of the flowering season, particularly in plants exhibiting 
the effect of adverse environmental conditions, occasionally some fertil- 
ity is shown. It is possible therefore to obtain seed from truly self- 
sterile plants and from combinations that are fundamentally incompati- 
ble. By taking advantage of this pseudo-fertility it should be possible to 
obtain families of plants wholly cross-sterile inter se. Such a family, 
apparently, is family E described on pages 565 to 567 of the paper we 
are discussing. Unfortunately very little work had been done on this 
family when that paper was written. Since a reserve supply of the seed 

^ East, E. M., and Pakk, J. B. Studies on self-sterility I. The behavior of self- 
sterile plants. Genetics 2 : 505-609, 1917. 
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from which the family came had been preserved, however, it has been 
possible to make a more extended study of the case. 

In table i are recorded the infertile crosses made upon 54 plants of 


Table i 

Record of infertile crosses made on 54 plants of family £(-?). Number of pollinations 

is shown by subscripts. 


Ped. No. 

Sterile with Ped. No. $ 

Sterile with Ped. No. $ 

I 

33. 5 j. 1O3, SOg. 7 S 

444, S 78 , 59 ,, 613, 724, 733. 743 

3 

Sg. 83, Hg. 23 g. SO3 

^ 3 * ^ 3 ’ ^3 

5 

^ 3 ' ^ 4 ’ ^^ 5 * ^^ 3 * ^^ 3 * ^^ 3 * 5 ^ 3 * ^^2 

I3. 3 b, 543. SSg. S6,, 57 g, 594, 6O3, 61, 74, 

8 

%. lOg. Mg, 163, 173, SOg 

^3 

9 

lOg, Mg. i6g, 173, 233, 5O3 


10 

143, 173, 443. 5O3 

>3- Sb- 83, 93. 4S3, S83, 6I3, 67 ,, 683 

14 

163, 173, 193. 263, 433, SO,,. 7S3 

3 «- Sg. 83, 9 ,. 1O3, 5O3, 734 

16 

173. 193. 4I3. 423, 443. SOg 

^ 3 * ^ 3 ’ ^^3 

17 

22gj 23.^) 433) 443 » 5 ^ 3 * 553 

83, 9 ,, 1O3, Mg. 163 

19 

23 i. 26^, 293, SO3, 6I3, 62,, 69^, 753 

143. 163 

22 

263, 273, 3 ig, 5O3, 6I3, 623, 693 

*73 

23 

264, 4 ig. 42 g. 443. SO3. S63 

^2* ^37 ^ 3 * ^ 7 3 > ^ 94 > 533 > 544 > ^33* ^431 

723* 733 

26 

3I4. 354. 383. SO3, 6I3, 62, 

143, 194. 223, 23^, 423. 443. 493, 553 

27 

29,. 3S3. SO3, 6I3, 623, 7S3 

“3 

29 

3I3. 33,. 383, SO3 6I3, 623, 683 

19 ,, 273, 75 . 

31 

33 a. 3S4, 383, SO3, 61^, 623, 733 

“4. 264. 293, 42,, 43 g, 75 , 

33 

3S3, 383, 39 j, 40,, 4 lj, SO3 

29 ,. 31 ,. 384. 7 Sg 

35 

383, 39 ,. 4O4. 42,, SO3, 6I3, 69,. 7 S, 

1 264, 27,. 3I4. 33 ,. 683, 70,, 7I3, 733 

38 

334. 39 ,, 4O4. 423, 44 a. SOg, 61,3 
62g, 734 

. 263, 29 ,. 3I3, 33 ,. 33 g. 35 ,, 32 ,. 7 Sg 

39 

4O4. 423. 438- 50,, 60g, 61 g, 623, 75 , 

1 33^7 353 » 3 ^ 3 » 4431 4937 5037 5237 ^337 ^43 

40 

42g, 444, 45,. SO3, 524, 6ig, 623, 63 

JsJr' 3S4. 384, 394 
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Table i (continued) 

Record of infertile crosses made on 54 plants of family E (^). Number of pollina* 

tions is shown by subscripts. 


Ped. No 

Sterile with Ped. No. $ 

Sterile with Ped No. 9 

41 

443, 463. 523. 533, 543. 743 

i6g, 337 > 433 

42 

263. 3I3. 443. SO3- 75 a 

163. 23,. 3S3. 383, 398 - 4O3, 43 . 

43 

3is> 4i3> 443. SO3, S9e 

143. 173, 393, 6I4 

44 

I.’ 263, 393, 463, 493. SOg. S2g, 538 , 
54 . 

103, 163, 17s, 233, 383, 4O4, 413. 42,, 433. 453, 

50,3, 52, 

45 

1O3, 443, 463, SO3, 6I3 

4O3, 493 

46 


4I3. 443, 453 

49 

263, 393. 4S3. SO., Si8- 623 

443 

50 

143. 393. 44 , 8 . 523, 53 . 543, 563 

^3» 337 537 ^07 937 11^37 I4q7 1637 17 37 1937 22g, 

2331 26g, 273, 293* 3I37 3337 35s7 3847 3977 4^37 

4237 4337 440 * 4S37 4947 5237 5337 5407 5537 5^37 

5747 5837 5937 6O3, 6I3, 633, 643, 653, 66g, 673, 

683, 693, 7O3, 7137 7237 7437 758 

SI 


493 

52 

1 

383, 393, 443, SO3. 53 .. 543. SS4. 563^ 
573, 583, 593. 68g 

40.. 4Ia. 44 a, SOa 

53 

23,, SO3, 544. SS3, 563. 573. 584, 623, 
64a 

4I3, 4437 5O4, 524 

54 

S3- 234. 50 g, SS3. 564- 573. 583, 643 

4I3. 4447 5O3, 525, 534 

55 


1737 5247 5337 543 

56 

S7- 238 - 5O3. 573, 583, 593. 6O3, 61,, 
634. 643 

2337 5^37 5237 5337 ,5447 553 

57 

I3- Sa- SO4, 583, 594. 6O3, 6I3, 694 

523, 533, 543. SSa- 563 

S8 

1O3, SO3- 593 - 6O5- 6Ib- 6S4. 738 - 744 

523, S3«, 543, SS., 563, 57, 

59 

54* 5^3» ^3» ^l3» 7 ^ 3 * 753 

433. 523, 55 ,. 563, 57 *, 583 

do 

Ss- SO3. 6I3. 693, 7I3. 7S4 

393, 56,- 57 ,, 583, 59 , 

61 

I3- s. 93. 103- 434, 503- 693. 714 

19 ,, 22,, 263, 27 *. 29*, 31*, 35 ,. 383, 39 ,. 40*, 
45*, 563. 57 ,, 583, 593, 6O3, 63*, 64,, 65,. ^8- 
743. 75 * 

62 


I9s, 22,, 263, 27 ,, a9g, 313, 38*, 39 ,. 40 ,, 49 ,. 
53 ,, 55 *. 63 s, K- 69 ,, 7 i*. 72 ,, 73 ,, 75 * 
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Table i (continued) 

Record of infertile crosses made on S 4 plants of family E (^). Number of pollina- 
tions is shown by subscripts. 


Ped. No 

Sterile with Ped. No. $ 

Sterile with Ped No. $ 

63 

23 s. 398 ' SOj, 6I3, 62,, 64 j, 65,, 743. 
75 , 

40.. 56.. 73 s. 74 . 

64 

23 s. 393. 5O3. 6I3, 623. 673. 683, 73 .. 
7 S 8 

Js 38 . 543. 563. 633, 6Ss. 663, 693. 70 ,. 71.. 733 

I 

6S 

Is. 5O3. 6I3. 643. 683. .693. 7O3 |s8^, 633 

66 

23 ,. 5O3. 6I3, 64 ,. 7I3. 733. 74 . 1673. 683 

67 

1O3. SOj. 673. 693. 7O3. 7I3 1643 

68 

lOgf 358 » 50 gi 66g, 6931 7O3 29g, 52^1 64g, 653, 69g 

69 

33. 5O3. 623, 643. 683, 733. 743. 7S3I9.. 223, 353, 57,, 6O3, 6I3. 653. 673, 683, 70,, 

171 *. 758 

70 

353. SO3. 643, 69.. 7I3. 723. 73 .. 74J6S3. 673. 683 

71 

3S3. SO3. 62,, 64.. 69 a. 723. 73 s. 74 ,' 

593. 6O3. 61,. 663, 673. 7O3. 72. 

72 

I.. 233. SO3, 623, 71 ,. 733, 74 a 

703, 7I3, 734 

73 

I3. 14.. 233. 353. 623, 633, 643. 72. 

i 

3I3. 38.. 583. 593. 64.. 663, 693. 70., 713. 723. 
74 . 

74 

57 » 5 ® 3 > 734 » 7^3 

S3. 413. 58.. 63,. 66,, 693, 7O3, 7I3. 72 a 

75 

29.. 313, 33 s. 383. SO3. 61,, 62,. 693:1. 143, 193. 273, 353, 39,, 423, 593, 60,, 633. 

(64,. 69,, 74 , 


this family, the subscripts showing the number of attempts made for 
each combination. The table was constructed by assuming that if a com- 
bination had been made one way, the reciprocal had also been made, as 
explained in our former study (East and Park 1917). Thus it can be 
seen that while only a fraction of the possible combinations were made, 
nevertheless the plants were linked together in an unbroken chain. In 
other words, if it be true that when A is sterile with B and with C, B is 
sterile with C, then each of these 54 plants is sterile with the other. 

It is not true however that no seed at all was obtained in the nu- 
merous attempts to combine plants of this family. Table 2 shows that 
13 combinations produced capsules. From the number of sterile pollin- 
ations made with the same plants and from the fact that nearly all of the 
fertility appeared at the end of the flowering season, it would seem that 
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Table 2 

Record of fertile drosses made on 54 plants of family B ( 2 ),- 
presumably pseudo-fertility. First number is female. 


Combination 

Number of 
fertile 
pollinations 

Number of 
sterile 
pollinations 

Number of 
sterile reciprocal 
pollinations 

3X5 

I 

5 

3 

S X 10 

I 

5 

- 

S X 74 

I 

2 

See 74 X S 

16 X SO 

I 

8 

- 

17 X 22 

I 

3 

- 

23 X 44 

I 

2 

- 

33 X 38 

2 

6 

4 

39 X SO 

4 

7 

3 

44 X SO 

I 

6 

See so X 44 

44 X 52 

I 

5 

3 

50 X 44 

I 

13 

See 44 X 50 

S6 X 23 

I 

8 

3 

74 X 5 

I 

7 

See 5 X 74 


these apparent exceptions are all illustrations of fluctuating pseudo-fer- 
tility. There is the whole of our experience with this type of fertility 
back of such an assertion, but there is also some specific evidence on the 
case in point. 

The number of seeds produced by these plants when crossed with 
compatible pollen is in general from 300 to 600 per capsule (table 3), 
while the number of seeds in the presumably pseudo-fertile combinations 
is usually much less. At the same time 4 of the latter combinations pro- 
duced what seemed to be full capsules. Combination 16X50 produced a 
full capsule at the seventh attempt, although eight out of nine attempts 
were failures, and combination 50 X 44 produced a full capsule at the 
twelfth attempt although thirteen out of fourteen attempts were failures. 
On the other hand plant 23 gave a full capsule with pollen of plant 44 
on the first attempt, plant 33 gave two capsules out of eight attempts with 
pollen of plant 38, and plant 39 gave four capsules out of eleven attempts 
with pollen of plant 50. Now combination 33 X 38 was about 50 per- 
cent fertile, and combination 39 X 50 became progressively more fertile 
as shown by the number of seeds produced. These three plants, 23, 39, 
and 50 were crossed with a large number of other plants, nevertheless, 
and showed cross-sterility. Further, at the beginning of another flower- 
ing season crosses 23 X 44 and 39 X 50 were impossible. At the same 
time it is not without the bounds of probability that combination 39 X 50 
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Table 3 

Comparison of the number of seeds in capsules of the presumably 
pseudo-fertile combinations in family £(2) with the number 
of seeds in the capsules of the same plants when pollin- 
ated with pollen from the plant of the generation 
of the cross between N. Forgetiana and 
N, Langsdorffiu 


Combination 

Number of 
seeds in 
capsules 

Number of 

seeds in capsules when pollin- 
ated with (314 X 328) 

3 X 5 

28 


5 X 10 

115 

365, 382, 421 

S X 74 

127 

36s, 382, 421 

16 X 50 

418 


17 X 22 

27 

370 

23 X 44 

436 


33 X 38 

124, 131 


39 X 50 

15 1, 255. 289, 35^ 


44 X SO 

128 


44 X 52 

191 


50 X 44 

427 : 


56 X 23 

82 1 


74 X 5 

185 



was for some unknown reason more easy to make than other combina- 
tions in this family. We have no theory to offer at present as to why 
this may be true. It may stand as an open question. The general con- 
clusion from all the evidence is that family E (2) may be considered to 
consist of plants wholly cross-sterile inter se. 

The question then arises: Is the origin of family E (2) compatible 
with our previous conclusions as to the behavior of self-sterile plants 
when crossed inter se. First, it must be emphasized that the cross- 
sterility found has nothing to do with true sterility. A random sample 
of 25 plants was used in a test with the pollen a single plant coming from 
the Fg generation of a cross between Nicotiana Forgetiana and Nicotiana 
Langsdorffii, Out of 64 pollinations there were dnly 2 failures (table 
4). Again, out of 51 attempts to use the pollen of these plants in crosses 
thought to be compatible, there was only i failure. The sterility found, 
therefore, is wholly of the nature termed ‘'self-sterility,'’ or “incompati- 
bility," and must be interpreted as such. 

The origin of a family consisting of one class of plants cross-sterile 
with each other was to have been predicted on the basis of the interpre- 
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Table 4 

Record of pollinaiions made on a random sample of 2$ plants of family 
E(2) with pollen from a single self -sterile plant of the F, 
generation of a cross between Nicotiana Forgetiana 
and Nicotiana LangsdorffH (814 X 328). 


Plant No. 

Successful 

pollinations 

Unsuccessful 

pollinations 

Number of seeds in 
each mature capsule 

5 

3 

0 

36s, 382, 421 

6 

3 

0 

360, 330, 51S 

9 

4 

I 

390, 500, 400, 370 

10 

I 

0 

631 

17 

I 

0 

370 

22 

3 

0 

358, 40s. 230 

25 

I 

0 

377 

26 

2 

0 

630, 42s 

31 

3 

0 

481, 404, 470 

36 

5 

0 

453. 350 , 40s, 372, 340 

38 

2 

0 

432, 192 

40 

3 

0 

271. 19s, 317 


I 

I 

i8s 

51 

4 

0 

22s. 252, 382, 384 

53 

I 

0 

157 

54 

2 

0 

420, 177 

57 

4 

0 

295. 650, 250, 462 

58 

3 

0 

700, 618, 902 

59 

I 

0 

327 

60 

I 

0 

330 

61 

5 

0 

635. 588, 580, 468, 678 

64 

3 

0 

338, 230, 376 

70 

2 

0 

230, 176 

71 

2 

0 

4to, 240 

73 

2 

0 

291, 358 

Total 

62 

2 



tations we have used, by taking advantage of the phenomenon of pseudo 
self-fertility. Continued self-fertilization is possible by persistent ef- 
forts at self-pollination carried to the very end of the flowering season. 
And continued self-fertilization should bring about homozygosis in the 
secondary factors affecting the behavior of self-sterile plants among 
themselves. When such a point is reached, the resulting population 
should not only be self-sterile but should belong to a single class all mem- 
bers of which are cross-sterile with each other. 

Family E (2) was not the result of continued self-pollination and 
pseudo self-fertility, however. It was produced as follows: The fe- 
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male parent was No. 58, a plant of N, alata, the result of three generations 
of selfing a self-sterile strain at the end of the season. The behavior of 
No. 58 and of its sister plants when crossed with each other leads one 
to believe they were all members of one intra-sterile class, but the evi- 
dence is hardly sufficient to establish the point. The male parent was 
a member of the population (plant 44, loc, cit., p. 559) produced by 
crossing a self-sterile plant of N. Forgetiana with a sister plant of the 
mother of the N, alata plant just described (No. 58). 

Now it is obvious that the female parent of this family may have come 
from a fraternity homozygous for the secondary factors effective on 
compatibility inter se. They may have been, for example, plants with 
the composition AABB. It is possible also that the male parent, though 
originating from a cross, might have had the formula AABB, since its 
parents might have been AABB and AaBB. But a whole population 
having a single formula could not have arisen through a cross except 
through an illegitimate mating (pseudo-fertility). If then the two par- 
ents of the population had the same constitution and produced seed 
through pseudo-fertility, then family D {loc, cit, p. 563), coming from 
the same male crossed on a sister of plant 58, ought to be a duplicate of 
family E (2). This however does not appear to be the case. Family D 
consisted of at least two intra-sterile classes, unless a good deal of un- 
recognized pseudo-sterility was present. On the other hand both of the 
parents, in the few tests made on family E (2), were sterile with their 
progeny, — a result to be expected on the theory of homozygosis. It 
seems, then, that the unsettled question, a question which must await 
further investigation, is, why family D and family E (2) are not similar 
in composition and behavior. 
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INTRODUCTION 

Endosperm differences in maize were among the first utilized in test- 
ing the generality of Mendel’s doctrine of the independent segregation 
of unmodified determiners. They served as material for the early in- 
vesiiigations of de Vries, Correns, Lock and Webber. Among the 
characters employed, the starchy and sweet types of seed formed a useful 
contrasting pair, as the difference was marked, segregation was distinct 
and in practically eveiy case the inheritance clearly followed the rule of 
the monohybrid. More recently conditions have been described and 
pictured which seem to indicate that this simple state of affairs in the 
endosperm of maize does not always exist. Semi-starchy endosperms 
more or less intermediate in appearance between true starchy and true 
sweet types have been noted and where the inheritance of such conditions 
has been followed no clear-cut segregation has been observed. 

Some of this anomalous material appeared after a cross between a 
starchy and a sweet variety of maize. A possible inference from this has 
been that a contrasting pair of factors, which usually segregate distinct- 
ly, may sometimes affect each other, while in hybrid union, in such a way 
that segregation is not complete and a re-arrangement of hereditary sub- 
stances is thereby brought about resulting in new and unstable effects. 
This state of affairs has been spoken of as contamination of genes. Cases 
of this kind have been supposed to occur in other material and the whole 
matter has been a subject for some dispute which has considerable im- 
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portance, since incomplete segregation or contamination of factors, if it 
does exist, would seriously limit the usefulness of Mendelian formulas. 
The investigation to be reported here was undertaken in the endeavor to 
throw some light on this problem by determining the relation of this 
new endosperm condition to the ordinary starchy type of seed and to 
find out the response of this semi-starchy character to selection. 

East and Hayes (1911) in a publication dealing with inheritance of 
many characters in maize, reported a large number of crosses involving 
the starchy and sweet type of endosperm, and found in practically every 
case that segregation was precise and that no unusual deviations from a 
monohybrid ratio were obtained. The recessive continued true to type 
when recovered and tested, except in one instance. This occurred in the 
progeny of extracted sweet seeds from a cross of dent (East and Hayes 
No. 8, Illinois High Protein strain) by sweet (No. 54, Black Mexican 
sweet). All but three ears came true to the type of typical recessive 
sweet seeds. These three unusual ears are described as semi-starchy. One 
of them is shown in the publication referred to (plate III b, p. 40), and 
is compared with a pure extracted sweet ear from a sister plant, and 
with a pure extracted starchy ear. As illustrated the seeds of this semi- 
starchy ear appear intermediate in the amount of opaqueness and shrink- 
ing of the endosperm as compared with the other two ears which may be 
taken to represent the parental types which went into the cross, as far as 
the endosperm texture is concerned. 

A typical sweet ear, such as the one pictured in the illustration of 
East and Hayes, has the seeds deeply wrinkled and their surfaces strong- 
ly contorted with rough, angular projections caused by a pronounced 
shrinking of the contents of the seeds on drying. In addition to the 
large depressions, fine wavy markings on the surface of the seeds may 
also be observed. Sweet seeds are more or less translucent, allowing the 
outlines of the embryo to be seen, and have a hard, brittle texture of a 
glassy nature accentuated by lines of fracture which frequently occur. 
The appearance of sweet seeds is modified by the size and shape of the 
seeds. Varieties of latent dent type differ considerably from those of 
latent flint type. Lying next to the embryo a thin layer of opaque white 
material can be seen, when the seed is broken, which resembles the floury 
starch of dent varieties. When examined under the microscope, how- 
ever, the starch grains are unequal in size, irregular in outline and are 
accompanied by a large amount of amorphous substances making the 
separation of the grains difficult. 
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Starchy varieties of maize include several different types with respect 
to the texture and shape of the seeds. They range from the hard trans* 
lucent seeds of the pop and flint varieties (Z. mays everta and indurata) 
to the soft, opaque seeds of the floury type (amylacea). Both soft and 
hard starch occur together in dent seeds (indentata) where the typical 
indented tip is caused by unequal contractions of the two kinds of starch. 
The surface of the seeds of all starchy varieties is smooth without the 
wrinkling and folding of the outer layers and in this respect the two 
types of maize are generally quite distinct. All classes of starchy maize 
differ from sweet varieties in the fact that the starch grains, particularly 
from the white opaque portions of the seed, are large, plump, nearly 
round in outline and show characteristic markings. It is this ability to 
complete the development of the starch grains that forms the principal 
hereditary difference between starchiness and sweetness. This is shown 
noticeably in chemical composition. Sweet seeds, because they have a 
lower starch content, have proportionately higher percentages of other 
ingredients — sugar, protein, fat, ash and fiber. Their high sugar con- 
tent gives them their name, and is the reason why they are preferred as 
a vegetable. Their ability to produce sugar has undoubtedly been se- 
lected for until the total production in amount of this substance has been 
increased to a greater extent than in field varieties. 

Somewhat recently a type of endosperm coming from China, differing 
from both sweet and starchy, has been described. This is called waxy 
and has a peculiar tough consistency distinguishing it from other kinds 
of maize. Sweet and waxy are complementary in their action in inheri- 
tance so that when the two are crossed starchy endosperm is produced. 
They can be considered as endosperm deficiencies — one lacks one thing; 
the other lacks something else — both of which are necessary for normal 
starch production. 

The semi-starchy seeds obtained by East and Hayes (1911) differed 
from the pure sweet segregates in having solid areas of opaque white 
varying in amount and in location in various parts and in different seeds 
on an ear. But this substance was most noticeable at the center of the 
seeds, surrounding the embryo, and at the tips of the seeds, at the point 
of attachment of the stigmas. The seeds were distinctly wrinkled 
but the surface was not so rough as in the case of the typical sweet seeds. 
The diameter of the starch grains was compared to the conditions of the 
two normal segregates (East and Hayes’s table 10, p. 45) and in this 
respect the semi-starchy type was found to be intermediate. As men- 





Figuse i?.— Result of selecting' for the mo'St sweet-appearing individual during 
generations, of self-fertilization* from the same source as in figure i. * 
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tioned before there was some variation on the ear in the amount of 
opaque substances in the semi-starchy seeds. The most starchy- and the 
least starchy-appearing seeds from one of these ears were separated and 
planted. Some of the resulting ears from these two selected lots of seed 
are shown in the same publication (plate IV). No great differences are 
to be observed between these two progenies. Apparently selection in one 
generation had very little visible effect, although the starchy selection 
shows slightly more of the opaque white areas than the sweet selection. 
From these two lines the most starchy ear and the most sweet ear were 
selected and grown each year thereafter, the plants in practically every 
case being self-fertilized. 

The original cross of dent by sweet (8 X 54) was made in 1907. 
The semi-starchy ear appeared in the F2 plant generation in 1909 grown 
from a sweet seed out of an F2 segregating starchy-sweet seed popula- 
tion. The first selection was made from the one ear that year and the 
selection continued to the present time (1918) so that the material on 
hand represents the result of selecting for two extremes, starchy and 
sweet, during 10 generations and, in all, ii generations of self-fertiliza- 
tion after the original cross. This material is not well suited for a se- 
lection experiment as hand-pollinated ears only can be used. From 10 
to 15 such ears were produced every year in each of the two lines. All 
of the 1915 seed of the sweet line failed to germinate in 1916 so that 
vseed of the previous year had to be planted and one generation was lost 
in this way. 

The selection and growing of the material was done at the start under 
the direction of Dr. E, M. East and later of Professor H. K. Hayes up 
to the year 1915 when the experiment came into the hands of the writer 
who wishes to acknowledge his indebtedness for the material and the 
outline of the methods of carrying on the experiment. The writer is par- 
ticularly under obligation to Dr. East for his examination of the ma- 
terial for the past several years, for his help with the interpretation of 
the results and criticism of this report. 

After 10 years of selection in the starchy line and 9 years in the sweet 
line the two resulting types are shown in figures i and 2. These ears 
were grown in 1917 but are like the ones grown the past year so may be 
used to represent the conditions at the close of the period of selection. 
It will be seen in these reproductions that the ears of both lines are as 
different in appearance as any sweet and flint varieties. The ears of 
the sweet selection vary somewhat in the amount of opaque substance, 
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but on the whole are as dear and wrinkled as most varieties of the latent 
flint type and more so than many. On the other hand the seeds of the 
most starchy-appearing ear of the other selection are perfectly smooth, 
plump and wholly opaque without patches of wrinkling or translucence. 
Other ears of this starchy line show the effect of some shrinking but for 
the most part are quite smooth and opaque. The depressions where they 
occur are in the form of dimples rather than angular distortions on the 
surface although there are areas on a few seeds which closely resemble 
the wrinkled condition of sweet seeds. 

The three ears of both lots represent fairly well the range of varia- 
tion. These two selections have come true to these types during the four 
years that they have been under my observation. Just when they first 
appeared as they now are and as constant, the records do not show. A 
few ears of both lines grown in 1913 after 5 years of selection are avail- 
able and show as great differences as at the present time. Whether or 
not all the ears were as different as these, that is, whether the variation 
was any greater at that time, is not known. The differences between in- 
dividual ears are so slight that no statistical way of presenting the fluctu- 
ations within the lines or the distinction between the two has been at- 
tempted. Since there was little response in the first generation appar- 
ently selection brought about the maximum differences in four genera- 
tions. After the first five generations changes have been slight until dur- 
ing the last four or five years no visible alterations have taken place. 

It is apparent, therefore, that selection operating with this semi-starchy 
character which originated in a rather questionable manner, has had a 
profound effect on the end results. Types visibly as different as the two 
parents which were crossed have been recovered from an intermediate 
condition suggesting incomplete segregation of the determining factors. 
Without other evidence to judge from one might be justified in saying 
that here is a case of a blending of heredity factors. The blend has been 
variable and from it by selection parental types have been gradually re- 
established and stabilized. Nowhere is there evidence of definite segre- 
gation. Fluctuation is the rule until constancy is obtained only after 
several years of selection. Even the usual interpretation of quantitative- 
ly variable characters as due to many determiners meets with a hindrance 
here as in such cases selection, after crossing, is followed by an imme- 
diate response and the effect is greatest right at the first. 

When these two types, which are visibly so different, are crossed with 
any true starchy variety the be^nning of an understanding of the true 
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situation is made. The selected sweet strain fertilized with starchy- 
carrying pollen shows perfect dominance of starchiness and segregation 
in the next generation, as expected, in the 3 to i starchy-sweet ratio. 
The selected starchy strain pollinated from the same source shows no 
dominance of starchiness because it is already starchy in appearance, 
but in the next generation it segregates 3 to i, starchy and sweet, just 
like the first cross. This is enough to make us suspect the nature of the 
starchy-appearing strain. Upon examination, the starch grains of this 
pretending amylaceous selection are still far from being the same as 
those of true starchy seeds. In this respect dominance is shown in the 
cross just mentioned. From its behavior in heredity, and because of the 
difference of the starch grains this condition of the endosperm of maize 
that we are dealing with is called pseudo-starchy. This character is con- 
sidered to be distinct genetically from true starchiness and no particular 
significance is attached to the fact that it appeared after a cross of garden 
and field types. In its inheritance it is independent of true starchiness. 
Moreover it occurs in other types of sweet maize which so far as known 
have not been crossed with the dominant endosperm. Thus selection is 
as far from reproducing true starchiness at the close of the experiment 
as it was at the start and segregation of the two principal allelomorphs in 
the original cross was exact and not accompanied by any unusual proc- 
esses. This pseudo-starchy character will now be described more in de- 
tail as well as its behavior when crossed with true sweet and true starchy 
endosperms. 

One of the principal points of difference between the three tyi^es of 
endosperm is to be found in the starch grains. In figures 3, 4, and 5 
are shown the magnified particles obtained from starchy seeds, from 
seeds of the pseudo-starchy selection and from the sweet selection. The 
seeds were soaked in weak alcohol for about ten days, then cut in half 
and a smear obtained by pressing the cut surfaces against a glass slide. 
This material was stained with iodine, dried and mounted in balsam. 
The size and condition of the grains is comparative. The starchy seeds 
used were of the dent type, large, well developed with considerable areas 
of white, floury starch. Most of the starch grains in the illustration 
came from these areas as such grains separated the most easily when the 
smears were made. As can be seen these grains are large and nearly 
round in outline. Those from the wrinkled sweet seeds are small, indis- 
tinct, irregular in outline and most of them are many-sided, being pen- 
tagonal or hexagonal. They are accompanied by a large amount of amor- 
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phous substances which causes the grains to aggregate. Large particles 
are shown in the photograph which are probably not single grains but 
groups. The smear from the pseudo-starchy selection resembles more 
nearly that from the sweet seeds than from the starchy seeds, but 
the grains are more distinct and larger. They are quite angular, giving 
the impression that they have been tightly packed together. 

When typical seeds of the pseudo-starchy selection are cut into they 
are found to be brittle and in this respect very much like typical sweet 
seeds. At the center, above the embryo, there is usually a cavity sur- 
rounded by a small area of opaque white substance resembling floury 
starch, but there is a marked difference in consistency. In true starchy 
seeds the floury portions can be easily scraped out and are much like 
chalk. In the pseudo-starchy seeds the white areas are tough and cannot 
be easily separated from the other parts of the seed. When examined 
under the microscope the differences are as shown in figures 3 and 4. 
Around the white area and making up the bulk of the endosperm is a 
hard layer having much the same texture as sugary endosperm but more 
opaque. 

The principal visible difference between pseudo-starchy and sweet 
seeds is that the former on drying shrink in the center and contract to- 
wards an outer hull which retains its shape, whereas in sweet seeds all 
parts contract towards the center on drying leaving the surface con- 
torted and irregular. In behavior the sweet and pseudo-starchy seeds 
are considerably alike. Both are more subject to decay while maturing 
than starchy seeds although they differ in this respect, the sweet seeds 
being more susceptible. 

In chemical composition pseudo-starchiness and true starchiness are 
more nearly alike as shown by the results given in table i. These figures 
were obtained under the direction of Dr. E. M. Bailey in the anal)d:ical 
laboratory of the Connecticut Experiment Station. The determina- 
tions are averages of closely agreeing duplicates and have been made 
according to the official methods of analysis. The results for the starchy 
and sweet types agree fairly well with other published data (Pearl and 
Bartlett 1912) in eveiything but the soluble and insoluble carbohy- 
drates. It is thought that these differences are largely due to the meth- 
ods of analysis and that the three determinations given in the table are 
comparative. It should be remembered that the results represent only 
a gross chemical analysis. Great differences may exist and not be shown 
by similarity in percentage content of soluble and insoluble carbohy- 
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Plate 3 



Figure 5. — Starch grains from sweet seeds. 



f IGURE 6. Pseudo-starchy ears showing a few anomalous translucent seeds. 
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Table i 

Chemical composition of pseiido-starchy seeds compared to true starchy and S'lijeet 

seeds. 


Ingredients 

Sweet 

Pseudo- 

starchy 

Starchy 

Moisture 

10.60 

11.09 

11.41 

Ash 

2.07 

1.65 

1.46 

Protein 

14.51 

1269 

11.60 

Fiber 

I 89 

1.73 

1.31 

Fat (crude) 

7.52 

5.94 

4.07 

Total soluble carbohydrates as dextrose 

26.15 

7.19 

4.45 

Insoluble carbohydrates, starch i 

Undetermined nitrogen-free extract by dif- 

2g.cx) 

51.50 

5«.73 

ference 

8.26 

8.21 

6.97 


100.00 

100.00 

100.00 


drates. As far as the figures are significant the pseudo-starchy maize is 
intermediate in moisture content, somewhat more like sweet maize in 
])ercent of fiber, crude fat and undetermined nitrogen-free extract. In 
ash, i)rotein and particularly soluble and insoluble carlx)hydrates the 
jjseudo-starchy type approaches very closely to the condition of true 
starchy maize. 

Summing up these statements it can be said that in external appear- 
ance and in gross chemical analysis the pseudo-starchy type is much like 
starchy maize. In the nature of the starch grains and texture of the 
endosperm it is more like sweet maize. In its behavior in crosses it is 
wholly unlike the true starchy character and in this respect differs also 
from pure sweet endosperm as will be shown later. 

This pseudo-starchy endosperm seems to be entirely unlike the waxy 
endosperm described by Collins and Kempton (1913). No crosses 
have been made between the two types as yet, but the brittle, glassy tex- 
ture is quite unlike the tough consistency of waxy seeds. This pseudo- 
starchy is apparently a new kind of maize to be added to the long list 
of types based on endosperm constitution. Sturtevant (1899) de- 
scribed semi-starchy ears for which he proposed the specific name of 
Zea amyleasaccharata. He had only three specimens upon which to base 
his description. They showed an intermediate condition probably simi- 
lar to the original ear from which selection was started in this experi- 
ment. There is hardly a doubt but that Sturtevant was dealing with 
the same character, although not so highly intensified, as in the selected 
material described here. 
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OCCURRENCE OF ANOMALOUS ENDOSPERM IN OTHER MATERIAL 

This character in a j)artially develoi>ecl condition occurs quite com- 
monly ; more or less of it can be found in nearly every variety of sweet 
corn. It is found vsometinies rather highly develoi>ed and causes the 
seedsmen and sweet corn growers some concern. Just what efifect this 
character has upon the quality of the product for table purposes is un- 
decided. Chemical analysis indicates that it is undesiralde. The percent 
of soluble carbohydrates (sugars) is reduced from 26.15 in the sweet 
selection to 7.19 in the pseudo-starchy material. But many sweet varie- 
ties, highly esteemed for their “quality’’ (which usually means high sugar 
content) show considerable amounts of this pseudo-starchiness, notably 
(iolden Bantam and Black Mexican. The latter variety often has large 
cjuantities of this substance which is obscured by the colored aleurone. 

The starchy-appearing character is most pronouncedly developed in 
the extremely early varieties of sweet corn. Early Dawn, Malakhov and 
other early rijiening sorts have some seeds which are almost entirely 
opaque but still show some wrinkling. Apparently this character in- 
creases the resistance of the seeds to decay, helps the germination of the 
seeds and the hardiness of the seedling 'plants grown from them. There 
is a notable difference in this respect between sweet and starchy maize. 
There is also a difference between the sweet and pseudo-starchy seeds in 
this respect but not so great. As stated before, all the seed of the sweet 
selection failed to germinate one year although the pseudo-starchy seeds 
germinated well. In the production of early, hardy varieties of sweet 
corn this p.seudo-starchy character undoulitedly has value. This earli- 
ness and hardiness, however, are obtained with some sacrifice of sugar 
content. 

Halsted (1909) has observed the same character and has practiced 
selection in open-pollinated cultures. The starchiness first appeared in 
a cross of two sweet varieties, Malakhov and Premo. The material re- 
sulting from this cross he called “Malamo."’ After selecting for starchy- 
appearing ears without hand pollination for several years, he obtained 
one ear which was jiractically solid flinty in appearance. From this ear 
he grew 66 ears of which 34 were flinty and 32 generally sweet. The 
sweet extremes were nearly like pure sweet. Flint extremes were found 
with a few slightly wrinkled kernels as were ears showing all gradations 
between the two extremes. His conclusions in regard to the matter are 
as follows: 

“A study of the whole set of ears leads one to feel that in some in- 
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stances the flintiness or its absence seems to indicate a plant character, 
for in some ears the sweet grains are the rare exceptions and in others 
the flinty ones are scarce. Sometimes an ear will have all its grains in 
a semi-flinty condition. Again, one may be led to the opinion that the 
grain in its starch unum acts quite independently of its neighbors, for 
among a large number of smooth ones will be a strongly wrinkled one.'' 

Although Halsted was not working with controlled cultures there is 
a close agreement between his results and our own. The character is 
quantitatively highly variable and responds to selection. It is controlled 
by heredity determiners which seem to be partly plant factors and partly 
seed factors. 

A point to be noted in regard to Halsted’s results is that this character 
arose in a cross of two sweet varieties, not with a starchy variety as was 
the case in the present ex|^>eriment. Yet, if he had practiced selection with 
controlled pollinations he would undoubtedly have obtained as highly de- 
veloped and as pure a starchy strain as we obtained, because many of 
his individual seeds and ears showed this character fully developed. Of 
course, all varieties of sweet corn are subject to more or less crossing 
with field varieties, and it is possible that Halsted's material was so 
crossed previous to his taking up selection with it, but the impression is 
reinforced from his observations that there is no necessary relation be- 
tween the pseudo-starchy character and true starchiness. 

The last statement of Halsted’s referring to the occurrence of a few 
strongly wrinkled seeds among many seeds which are smooth, brings up 
another matter the discussion of which has been reserved to this point. 
In our starchy selection ears were obtained which were perfectly smooth 
and opaque with exception of one, two, or several translucent and 
slightly wrinkled seeds. The difference between the two kinds of seed 
was abrupt, there being no transitional seeds upon the ears. Figure 6 
shows two such ears, one with five seeds and the other with one seed of 
this kind. Not all of the ears obtained each year showed these seeds but 
usually several did. During the last four years such ears have been 
avoided in selecting the individual for continuing the starchy line. In 
1917 one ear was obtained which had several translucent seeds. These 
were planted and from them one selfed ear was secured. This is like 
its parent ear. All the seeds are smooth, plump and perfectly opaque 
with the exception of two translucent seeds one of which is slightly 
wrinkled. These two seeds are perfectly distinct from the others. No 
other ears which contained seeds of this kind were found in the starchy 
selection that year. Apparently this phenomenon is the same or similar 
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to what sometimes occurs in true starchy maize. The writer has obtained 
one self-pollinated ear of true flint type with three translucent wrinkled 
seeds resembling sweet seeds in a total of some three or four hundred 
seeds. Such a proportion could hardly be a chance deviation from a 3 : i 
segregation on the supposition that the plant which produced the ear was 
accidentally crossed by sweet-carrying pollen in the year previous. Neither 
can it be a segregation distorted by lethal factors, unless such factors act 
upon the pollen alone, as the ear is fully developed with no missing seeds. 

Various hypotheses have been advanced to shed light on the occur- 
rence of anomalous-endosperm seeds in maize. Whether they are due 
to somatic mutation, cytological aberrations or unknown causes still re- 
mains in doubt. The subject has been reviewed by Emerson (1918). 
It is found that most of the anomalies of this kind occur in hybrid seeds. 
In this pseudo-starchy material and the flint ear just mentioned, we are 
dealing with a homozygous type or very nearly such. The translucent 
condition of the endosperm does not correspond with the embryo be- 
cause such seeds reproduce the normal type. Yet the tendency to pro- 
duce the aberrancy seems to be inherited in some fashion since the num- 
ber of the seeds has become less in the later generations of selection until 
in the last year no ears with off-type seeds were obtained except in one 
case in which the parent seed was itself off-type. The material under 
consideration has not been sufficiently investigated in this connection to 
warrant any further treatment of the matter. The occurrence of these 
peculiar seeds will be considered as a problem in itself and as unrelated 
to the variability of the ears as a whole with respect to the degree of 
development of the pseudo-starchy character. 

BEHAVIOR OF PSEUDO-STARCHINESS IN CROSSES 

Since from six to ten generations of self-fertilization is ordinarily suf- 
ficient to bring about nearly complete homozygosis, confidence can be 
placed in the belief that the plants wffiich were used in the crosses repre- 
sent fairly pure tyiJes. The crosses were made in 1915 after the parents 
had been self-fertilized eight years. The plants were quite uniform and 
considerably reduced in size and vigor. This fact furnished a very 
reliable check on the accuracy of the results since whenever foreign pol- 
len gains access to the silks by accident such out-crossed plants the next 
year show a great increase in size and vigor so that they cannot be 
possibly mistaken. Moreover the leaf characters and plant habit are so 
characteristic that unintentional pollinations can be detected with a high 
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Figure 7. — Fj seed populations from a cross of true starchy by sweet. 
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degree of surety. Not many of such illegitimate plants were found in 
the course of this experiment but a few seem to be unavoidable. 

When pseudo-starchy and true starchy plants are crossed the result in 
the second generation is, at first sight, exactly the same as when sweet 
and starchy are crossed as has been stated before. The numbers obtained 
from reciprocal crosses and back-crosses are given in table 2 and show 


Table 2 

The number and ratio of starchy and sweet seeds obtained in and in back-crosses 
from reciprocal crosses of pseudo-starchy and true starchy endosperm. 


Second generation selfed 

Starchy 

Sweet 

i 

Total j 

Ratio per 4 

Deviation 

Probable 

error 

Starchy X pseudo-starchy, Fj 

1832 

550 

2382 

3.0764: .9236 

0.0764 

0.0239 

Pseudo-starchy X starchy, Fj 

1918 

761 

2679 

2.8638 : 1.1362 

0.1362 

0.0226 

Total 

3750 

1311 

5061 

2.9638: 1.0362 

0.0362 

0.0164 

Back-crosses with sweet 




Ratio per 2 



( Starchy X pseudo-starchy) X sweet 

832 

779 

1611 

1.0329: .9671 

0.0329 

C.0168 

Sweet X (starchy X pseudo-starchy) 

494 

468 

962 

1.0270: .9730 

0.0270 

0.0218 

(I'^seudo-starchy X starchy) X sweet 

1280 

1401 

2681 

.9549: 1-0451 

0.0451 

C.0130 

Sweet X (pseudo-starchy X starchy) 

241 

310 

551 

.8748 : 1.1252 

0.1252 

0.0287 

Total 

2847 

2958 

5805 

.9809: 1. 0191 

0.019 1 

0.0124 


no marked deviations from the expected ratios. Segregation is definite 
and the ears look like those obtained from the other cross. Samples of 
these two lots of ears are shown in figures 7 and 8. Instead of the 
pseudo-starchy endosperm coming out in F2 as it went into the cross it 
appears as sweet endosperm. When these wrinkled segregates are ex- 
amined closely, however, they are seen to contain more of the opaque 
substances than similar seeds of the other cross. Apparently true starchi- 
ness and pseudo-starchiness are genetically independent of each other 
and the former has such a pronounced effect that it overwhelms, for the 
time being, whatever differences there may be between pseudo-starchy 
and sweet endosperms. It is important to note that the factors brought 
in by the starchy parent greatly alter the size and shape of the seeds and 
for this reason cause the new endosperm character to be very much re- 
duced in expression and in fact almost obliterated. 

When the two selected lines, sweet and pseudo-starchy, are crossed 
reciprocally, very little immediate effect can be seen. In this respect 
also pseudo-starchiness differs from true starchiness. When the sweet 
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selection is used as the female parent the seeds show faint traces of 
opaqueness, usually at the tips of the seeds, but the whole effect is far 
from an intermediate condition. The reciprocally crossed seeds show 
slightly more shrinking and approach the sweet condition about as far 
as in the reverse case. The self-pollinated ears grown on Fi plants, 
either way the cross is made, are distinctly intermediate with a large 
range of variation in the seed populations on an individual ear as well as 
among the ears themselves. Three F, ears selected to show the range 
of variation between different ears and in the seeds on an ear, are repro- 
duced in figure 9. It can be seen that one ear is almost entirely sweet, 
one is nearly starchy with some appearance of segregation and one is 
distinctly segregating but no sharp differences between individual seeds 
can be seen. All gradations from smooth opaque to wrinkled translucent 
seeds can be found, on this ear. The dark-colored seeds on these ears 
have been attacked by mold. The differences between the individual 
seeds, it can be assumed, are due to genetic differences in endosperm 
factors coupled with some environmental variation. The differences be- 
tween individual ears cannot be so easily considered to be due to genetic 
differences since they are produced on Fi plants and the parents have 
been assumed to be homozygous. Of course, the fact that the parental 
lines were self-pollinated for a number of generations does not insure 
homozygosity. Muller (1918) has demonstrated ways by which enr 
forced heterozygosity may be maintained by various systems of lethal 
factors, particularly when two different lethal factors balance each other 
by being in homologous chromosomes. When this condition occurs to- 
gether with factors which reduce or prevent crossing over, almost every 
conceivable kind of unusual results can be produced. While some such 
state of affairs may exist in this material no definite evidence of this has 
been found. Moreover maize is particularly favorable material in which 
to detect lethal factors, as the whole progeny of a plant is produced in an 
inflorescence where commonly all the seeds are placed in regular order. 
All lethals which destroy the female gametes or stop development imme- 
diately after the zygote is formed, show up at once in the missing seeds 
whose places are distributed throughout the ear. Self-pcdlinated ears 
showing regular vacancies are sometimes found and warrant further 
study but as far as known nothing of this kind occurs in this material 
under investigation. Lethal factors which destroy male gametes or 
which prevent the germination of seeds could not be easily detected. It 
seems more logical, however, to attribute the variations in Fi cars to 
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external effects. Since there is some variation in the parental types, 
variability in Fi plants is also permissible, but to the eye the amount of 
variation is somewhat greater. Differences in time of ripening affect 
this endosperm condition which is rather unstable. Individual ears are 
found with the tip seeds more wrinkled and translucent than those at 
the center of the ears. This non-genetic variability may be greater in 
the heterozygous than in the homozygous condition. 

From Fi ears like the one in the center of figure 9, which gave the 
greatest indication of segregation, seeds were selected which showed the 
most development of opaqueness and seeds which showed this least de- 
veloped. Selection was made from two such ears. The self-pollinated 
cars grown from one of these individuals are shown in the accompany- 
ing illustrations : the progeny from the starchy selected seeds in figure 
10 and from the sweet selected seeds in figure ii. The results from the 
other ear were similar to those two lots. Selection of the extremes in 
Fo seed populations grown on Fi plants, brings alx)ut small visible differ- 
ences in the next generation. On the whole, however, the most trans- 
lucent ear of the sweet selection differs considerably from the most 
opaque ear of the starchy selection. Apparently en(losi>erm factors have 
something to do with the development of the character under investiga- 
tion. 

None of these ears grown on Fo plants gave any more evidence of 
distinct segregation than did the Fi ears. Some vshowed segregation 
more than others, however. Thi^ fact is not clearly brought out in the 
reproductions. The seeds from two segregating ears — one from the 
sweet, one from the starchy selection — were again sei)arated intu most 
starchy- and most sweet-api>earing and grown the following year. Also 
from the two Fo plant progenies which had been selected for sweet one 
ear from each was chosen for seed which most nearly approached the 
original sweet parent. Likewise from the two Fo plant progenies selected 
for starchiness one ear from each was taken for planting which most 
nearly approached the original starchy parent. This procedure and the 
results obtained may be outlined as shown in diagram i. 

Since the gradations between individual seeds and between different 
ears are so small and indefinite there is no good statistical method of 
presenting the data. In the diagram the progenies resulting from the 
selections are lettered so that they can be referred to. The results ob- 
tained can be briefly stated. 

The immediate reciprocal crosses are without any marked effect in 
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the selected progenies referred to in the text. 
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Figure ii.— R esult of selecting the must sweet-appearing seeds from the same ear 
as in figure lo. 
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tiGUKE 12.— The one ear, obtained in an plant progeny selected for stai chines 
which IS segregating in a mono-hybrid ratio into opaque and translucent seeds. 
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altering the appearance of the seeds. The Fi ears, A, are intermediiite 
with some variability between different ears, which is assumed to be non- 
genetic, and show indefinite segregation in the seed populations. Selec- 
tion of extreme seeds on one of these ears gives F2 progenies, B and C, 
which are still intermediate and show some response in the direction of 
selection although the differences between the two progenies are small. 
Individual ear selections from these two F2 progenies give F3 progenies, 
D and I, which show a marked response to selection. In the starchy 
progeny, D, ten self-pollinated ears were obtained which altogether re- 
semble the parent tyi>e closely, five of these ears being apparently as pure 
for the character as any ears of the parental line. No ears were obtained 
which indicated any marked segregation among the seeds. In the sweet 
]>rogeny, I, eight ears were selfed all of which show some traces of 
opaqueness. One or two of these ears, nevertheless, might pass oS pure 
sweet. Some show considerable evidence of segregation. Most of them 
are uniform and nearly pure sweet. The differences between the two 
lots, D and I, are almost as great as between the two original types 
which went into the cross. 

The two oppositely selected progenies, E and F, from the starchy se- 
lection of the previous year are nearly alike but both together are con- 
siderably more starchy than the F2 ear from which they both came. A 
similar result was secured from the other two selections, G and H, com- 
ing from one ear of the sweet line. Both are almost exactly alike and 
together are more sweet than the F2 ear which produced them. Nine 
selfed ears in each of the E and F progenies are on hand and some of 
each of these are visibly pure starchy. Eight and eleven ears from the 
two progenies, G and H, were self-pollinated and in each of these a few 
ears are visibly pure sweet. 

Summing up these results there is proof that segregation of genetic 
factors has taken place in producing the F2 seed populations grown on Fi 
plants. Selection here, however, is not followed by an immediate re- 
sponse in the next generation although there is a slight effect, but in the 
following generation there is a marked response whether in plant-selected 
or seed-selected progenies and whether selection was in the same or in 
the reverse direction. In general selection is followed by a mass action 
which is as different from the usual types of Mendelian segregation as 
could be conceived. The behavior resembles that of quantitative charac- 
ters governed by several factors with overlapping variability because 
variation is continuous. It differs from the usual cases of this kind in 
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that the changes initiated by selection in the Fj seed generation do not 
make their appearance until two generations later. Moreover these 
changes cannot be checked in one succeeding generation by selecting from 
seed populations in the reverse direction. In this respect the beh.avior is 
unique. 

The experiment outlined in the preceding diagram was duplicated with 
a reciprocal cross with the exception that selections from Fj seed popula- 
tions were not made, therefore the F., progenies, E, F, G, and H, were 
not grown. The two selected progenies, D and I, were grown with the 
same result as in the previous experiment with one notable exception in 
the starchy line. 

In the sweet line eight ears were self-pollinated. A few are nearly 
pure sweet while some show slight amounts of opaqueness, some of these 
having indications of segregation. In the starchy line twelve ears were 
obtained. Eleven of these duplicate the similar ears in the first experi- 
ment. All of the ears are uniform and very nearly pure starchy. Some 
are entirely opaque and smooth with no indications of segregation. The 
remaining ear, however, shows clear-cut segregation into o])aqne and 
translucent seeds with a ratio of 3 to i (actual numbers 159 to 52 ). No 
other ear like this has been found. Contrary to the usual behavior segre- 
gation in this one instance is quite distinct. This ear is shown in figure 
12. The first supposition is, naturally, that it resulted from an accidental 
out-cross with a true starchy plant the year previous. A number of facts 
make this possibility highly improbable. In size and conformation this 
exceptional ear closely resembles the eleven other ears of the same lot. 
Also in color of cob and seeds and in shape, size and texture of the 
opaque seeds there are no differences. Since the type of plant in this 
material is quite different from any other grown at the same time it is 
inconceivable that this individual could have been crossed without marked 
changes. Moreover the plants are reduced by inbreeding, this particular 
one in question being the third generation of a union of two related 
types, so that any out-crossing with a true starchy plant would notice- 
ably increase the size of the plant and the ear. One such crossed plant 
was found in another progeny. This plant was nearly twice as tall and 
the ear three times as large as others in the -same line and striking 
changes in plant and ear characters served to distinguish this individual 
at once. The exceptional ear under consideration was not noticed in the 
field at time of harvesting as starchy-sweet segregations are not clearly 
brought out until the seeds are dry. If the plant had shown any striking 
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differences, however, this would have been noted. There is no doubt in 
the mind of the writer but that this singular ear is a legitimate member 
of the family and must be considered at its face value. Moreover, the 
recessive segregates on this inflorescence are not strongly wrinkled as 
can be seen. In fact there is a considerable difference between these 
seeds and those of the sweet selection. The feature that makes them 
stand out is their translucence as contrasted with the opaqueness of the 
other seeds. It is therefore reasonable to assume that these sweet-ap- 
pearing individuals are the result of a different factorial situation than 
is characteristic for other sweet varieties. 

Before taking up a theoretical discussion of these results one more 
phase of the experiment must he considered. The cross of pseudo- 
starchy and true starchy maize has already been mentioned as giving 
clear segregation of starchy and sweet seeds in the F2 seed populations. 
The sweet segregates were stated to have somewhat more opaque sub- 
stances than similar segregates of the sw^eet-starchy cross. The two lots 
of sweet segregated seeds from one ear of each of the two crosses were 
grown with the result that the ears coming from the cross of which 
pseudo-starchy was one parent, were considerably more opaque than 
those from the other cross. No completely pseudo-starchy ears were 
obtained but one selfed ear was found which showed more evidences of 
definite segregation than any secured previously. The seeds ranged from 
those almost entirely smooth and opaque to those which were quite 
wrinkled and translucent with gradations in between. The numbers of 
the two kinds of seeds seemed about equal. Selection of extremes was 
made and the two resulting lots grown from these seeds and self-polli- 
nated are shown — the starchy selection in figure 13 and the sweet selec- 
tion in figure 14. From the selected wrinkled, translucent seeds nine 
selfed ears altogether were self-pollinated (three of these are not shown 
in the illustration as they were nearly destroyed by mold). Of these two 
are completely wrinkled and translucent, five show some opaqueness but 
are uniform and two are clearly segregating. One of these latter two 
(the ear at the right in figure 14) reproduces very well the parent ear 
from which the selections were made. 

From the selected smooth, opaque seeds six selfed ears were harvested. 
Of these one is quite smooth and opaque, three are intermediate and uni- 
form and two are intermediate with considerable evidence of segregation. 

These results can be summed up briefly. In one selection the ears 
range from the selected parent type to a half-way point. In the opposite 
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selection the variation goes from the half-way point to the other parent. 
In this respect they differ from the preceding effects of selection in the 
pseudo-starchy by sweet material Segregation is more pronounced and 
selection is followed by an immediate response. How all these facts can 
be most simply interpreted will be taken up in the next section. 

A large number of crosses and back-crosses between the pseudo-starchy 
type and commercial varieties of sweet maize were made, but since all of 
these varieties carried more or less of the pseudo-starchy character and 
were in a heterozygous condition for many factors, no satisfactory 
analysis of the results can be made. In general the pseudo-starchy char- 
acter behaved in these crosses similarly to the crosses already described. 

THEORETICAL CONSIDERATION OF THE RESULTS 

As far as the chemical nature of this visibly starchy endosperm is 
concerned the use of the term pseudo-starchy is perhaps not justified. 
The term was suggested by its genetic behavior largely for want of a 
better word which would emphasize the distinction between characters 
which are visibly alike but genetically so different. The term semi- 
starchy is undesirable because it implies a relaton between the new endo- 
sperm condition and the well known starchy endosperm where no rela- 
tionship apparently exists. 

Since reciprocal pollinations between pseudo-starchy and sweet have 
no marked effect the character differs in its mode of inheritance fro^n 
ordinary endosperm characters where dominance is displayed and dis- 
tinct segregation takes place in the next generation. On the other hand 
it is not entirely a plant character since segregation does occur in F2, be- 
cause selection made here is somewhat effective. It was thought at first' 
that the character was similar to the corneous-floury endosperm char- 
acter of starchy maize where (as worked out by Hayes and East 1915) 
the double condition of the female endosperm nucleus outweighs the ef- 
fect of the second male nucleus and reciprocal crosses do not produce 
any immediate effect. In the next generation segregation is in the ratio 
of I to I which is merely the female gametic ratio, the second male nu- 
cleus, whatever it carries, having no power of expressing itself. The 
hypothesis of one such factor alone cannot be used to account for these 
results, particularly since it would offer no explanation for the one ear 
which was finally obtained where segregation is well defined and in the 
ratio of 3 to I. 

The simplest hypothesis that brings all the facts into line assumes both 
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Figure 13. — The result of selecting the most starchy-appearing seeds from a segregating ear obtained Jn an 
extracted sweet Fa plant progeny from a cross of pseudo-starchy by true starchy. 
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seed factors and plant factors which govern the development of this 
endosperm character called pseudo-starchy. The employment of plant 
factors which determine endosperm characters has not previously been 
necessary. It seems perfectly plausible, however, for an endosperm 
character to be dependent in some degree upon plant conditions. For 
example, a certain chemical substance may be needed to bring about a 
given result but if the plant does not supply the material the effect can- 
not be produced whether the immediate factor determining its produc- 
tion is there or not. Furthermore, we have seen that when pseudo- 
starchy endosperm is out-crossed to a large-seeded dent variety the re- 
sulting alteration of the shape and size of the seed and other heterotic 
effects governed by plant factors almost completely obliterates the ex- 
pression of the pseudo-starchy character. Many factors in the maize 
plant determine the size and shape of the seeds; the arrangement of the 
corneous and floury starch, the thickness and consistency of the pericarp, 
the arrangement and size of the ears, so that it is quite permissible to 
assume that the character under investigation is modified by many plant 
factors which have no direct relation to endosperm factors themselves. 

In addition to plant determiners there must be at least one endosperm 
factor difference which, with a suitable basic factorial composition, de- 
termines the production of opaqueness or translucence in the seeds. The 
evidence for this is based on only one segregating ear but it is difficult 
to avoid this assumption. The visible effect of this gene, in a proper 
medium, is much the same as the one governing the well known differ- 
ence between starchy and sweet varieties of maize. In both cases domi- 
nance is complete and segregation is distinct in a mono-hybrid ratio. 

Besides this one endosperm factor which brings about usual Mende- 
lian segregation, there is evidence for another of the same nature as the 
one coheerned in the corneous-floury condition of maize, perhaps the 
very same factor, only here acting in the absence of true starchiness. 
The part which this gene plays follows the female gamete in its visible 
effect, i.e., the double dose in the fusion nucleus almost entirely over- 
comes the single dose coming from the second male nucleus and segre- 
gation is in an equal ratio. The evidence for this assumption is based on 
the segregating ear and the two selected progenies obtained from it 
shown in figures 13 and 14. 

As to the exact number of plant factors involved in the material 
worked with the rather scanty data and the indefinite nature of the char- 
acter do not permit any reliable analysis. As an illustration it will be 
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sufficient to assume one such factor of such a nature that without it the 
two endosperm determiners cannot produce the full expression of the 
pseudo-starchy character. These three factors, each different in mode 
of oi>eration, but all working towards the same end, may be used arbi- 
trarily to show what can be expected from such a scheme and I believe 
they will satisfy all reasonable demands as they are used to show merely 
how recombination of such Mendelian units may account for the results. 
This can be done without a thorough analysis of all the factors concerned. 
The three factors assumed are as follows : 

A — a plant factor necessary for the full expression of pseudo-starchi- 
ness in the endosperm, which part of the organism is one generation be- 
yond the plant in which this factor operates. 

B — an endos])erm factor which prevents the characteristic shrinking 
of sweet seeds; this factor has a greater effect when coming from the 
female side than from the male, i.e., BBb and bbB appear different but 
behave genetically exactly alike. 

C --an endosperm factor determining opaqueness, which shows domi- 
nance, i.e., CC and Cc are visibly alike. C and c have their greate.st differ- 
entiating effect only when A and B are present in the homozygous state. 

It is also assumed that A and B are cumulative in effect, whereas C is 
not. According to this scheme : 

Plant Seed 

A A BBB CC = pseudo-starchy endosperm ; 

aa bbb cc — sweet endosperm. 

The reciprocal pollinations are without effect because of the following 
factorial situation: 

Plant Seed 

A A BBb Cc — pseudo-starchy X sweet; 

aa I bbB cC = sweet X pseudo-starcliy. 

In the first cross the double dose of 5 and the dominating nature of C 
prevent any noticeable wrinkled or translucent effects appearing. In the 
reciprocal pollination the single doses of B and C are non-operative, or 
feebly so, in the absence of A. (A, of course,, is brought into the seed, 
but has nothing to do with the plant.) In the followit^ generation which 
is the Fi for the plant and Fj for the seed, the situation set forth in table 
3 can be expected ; 
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Table 3 

The theoretical composition and the appearance of seeds with respect to the endosperm 
factors B and C and their behavior in the following generation 
according to the plant factor A, 

Appearance of Fa ears grown from Fj 
Appearance of Fa seeds seeds according to the composition of 
the plant with respect to AA, Aa or aa 
Smooth, opaque Intermediate, uniform except with AA 
which gives pure pseudo-starchy. 
Smooth, opaque Intermediate, variable except with AA 

which segregates 3 to i. 

Smooth, opaque Intermediate, variable 

Smooth, opaque Intermediate, variable 

Wrinkled, opaque | Intermediate, variable 

I 

Wrinkled, opaque 1 Intermediate, variable 

Aa I 

\ I BBB cc 4 Smooth, translucent Intermediate, uniform 

I I BBhcc 4 Smooth, translucent Intermediate, variable 

I 1 bhB cc 4 I Wrinkled, translucent Intermediate, variable 

I j I bbbCC 4 I Wrinkled, translucent Intermediate, uniform except with aa 

I I which gives sweet appearance. 

I I 2 bbbCc 8 I Wrinkled, translucent Intermediate, variable except with aa 

1 1 ' which gives sweet appearance. 

\ I bbb cc 4 'Wrinkled, tranjilucent Intermediate, uniform except with aa 

— — I which gives pure sweet, 

i 16 64 I 

The Fo seeds fall into four theoretical groups: 

Smooth, opaque 6 

Wrinkled, opaque 3 

Smooth, translucent 2 
Wrinkled, translucent 5 

16 

But none of these groups is sharply expressed because of the heterozy- 
gous nature of the plant having Aa, Moreover there will be variability 
according to whether the seed has the composition BBB or BBb and 
bbB or bbb as the hypothesis states that B is cumulative in effect. These 
causes for an intermediate position wdth hereditary variability together 


Composition 
of F, plant 



Composition 
and number 
of Fa seeds 

1l~bM1x~~4 

2 BBB Cc 8 

1 BBbCC 4 

2 BBb Cc 8 

I 

1 bbBCC 4 i 

I 

2 bbB Cc 8 
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with some non-genetic fluctuation are sufficient to account for almost 
any amount of indefinite segregation in F2 seed populations. Moreover 
there may easily be a physiological correlation between smoothness and 
opaqueness on the one hand and wrinkledness and translucence on the 
other such that the other two combinations are not perfectly developed. 

The behavior of the Fz seeds in the following generation depends not 
only on their composition with respect to B and C, bixt also upon their 
carrying AA, Aa or aa. None of these three combinations of this factor 
have anything to do with the appearances of the seeds that bear them, 
but they will have a marked effect upon the ears grown from these seeds. 
The extreme complexity of the F™ plant population with only these three 
factors is readily apparent. Moreover, selection of F™ seeds will have 
little efficacy in the following generation because of the difference in ap- 
pearance, but similarity in behavior, of BBb and bbB together with the 
fact thdt the A or a factors do not make their presence known. Nearly 
all of the Fa ears bearing F3 seeds will be intermediate, some tending 
towards one type and some towards the other, but part of them will be 
uniform with respect to the seed population and part will be variable, 
i.e., will show more or less evidence of segregation. This is an impor- 
tant point as it is the best means of reconciling the theory with the actual 
results obtained. 

Summing up the ex{)ectation for the Fj plants the following numbers 
are obtained : 

1 Pure pseudo-starchy, like parent, breeds true (viz., A A BBB CC ) : 

2 Nearly pure pseudo-.starchy, do not breed true (viz., Aa BBB CC ) : 

1 1 Intermediate and uniform ; 

44 Intermediate and variable ; 

3 Nearly pure sweet like parent, breed true (viz., cui bbb CC or Cc) ; 

T Pure sweet like parent, breeds true (viz., bbb cc) : 

2 Segregate 3 to i opaque-translucent (viz., AA BBB Cc). 

Without going into all the possibilities of this factorial arrangement, 
the actual results fit in reasonably well although it is granted that the 
theoretical expectations are sufficiently complicated to cover almost any 
variable character like this one. Several agreements of facts with theory 
justify this interpretation tentatively without analyzing this situation 
completely. Only about ten self-fertilized ears were obtained in each 
generation in a progeny. Selection of Fj seeds was followed by very 
slight response in the next generation. According to the theory 55 out 
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of 64 are expected to be intermediate in various degrees, but the expres- 
sion of the pseudo-starchy character in the F2 ear is not closely correlated 
with the appearance of the F2 seed which produced it. Selection of 
F2 plants however is expected to have a marked effect on the following 
generation because the extreme ears are homozygous for one or more 
factors for starchiness or sweetness as the case may be. Moreover the 
appearance of the ears as a whole in this generation is more closely as- 
sociated with the genetical composition of the plant so that plant selection 
is effective. 

The segregating Fa seed populations are like segregating F2 popula- 
tions with respect to endosperm factors and seed selection is followed by 
as little response in this generation as in the preceding. The fact that 
the two reversely selected progenies in Fa (F and G in the diagram 
page 378) differ greatly, can be attributed to the possibility that in the 
starchy-selected line the segregating ear was homozygous for AA and 
that in the sweet-selected line a similar appearing ear was homozygous 
for aa. Such an occurrence would be somewhat of a coincidence, it is 
true, but one that could easily happen. 

Some of the F2 ears obtained looked like pseudo-starchy, but two 
which were tested further did not prove to be a complete return to the 
pseudo-starchy parent. Nor is this remarkable in view of the small num- 
bers, since only one out of 64 is expected. According to theory it is 
somewhat easier to recover a true-breeding sweet. None of the F2 ears 
approached the sweet parent as closely as the extremes in the opposite 
direction resembled the other parent, and in Fg neither of the two sweet- 
selected progenies duplicated the sweet parent but several individual ears 
look like pure sweet. By far the majority of the ears obtained are inter- 
mediate. Some of these are uniform and some are variable, but it is im- 
possible to classify them numerically as one grades into the other so in- 
distinctly. 

No definitely segregating ear appeared in F2 and only one in Fg in a 
total of 22 ears in two separate lines selected for starchiness. In an un- 
selected population such ears would be expected once in 32 times. Ac- 
cording to the hypothesis these segregating ears occur only when A and 
B are present and homozygous. Perhaps it would be more reasonable to 
expect them when A is heterozygous as well as homozygous. In that 
case such an ear would be looked for 6 in 64 times in an unselected popu- 
lation and more frequently in a starchy selection. On this assumption, 
only one ear was found where several should have appeared. 

Let us now consider the other selection experiment, starting with a 
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variable ear which, it will be remembered, came from the extracted sweet 
seeds of a cross of pseudo-starchy by true starchy. Since segregation is 
more distinct on this ear than upon any ear in the F* seed generation of 
the other cross, the logical supposition is that there are less genetical dif- 
ferences involved in this case. In other words, let us assume that the 
true starchy variety used in making the cross also possessed some of the 
factors for pseudo-starchiness as well as the main factor for true starchi- 
ness. There is evidence to support this assumption from the fact that 
other crosses, not specifically mentioned previously, of sweet X true 
starchy, showed traces of pseudo-starchiness in the sweet-segregating 
seeds. 

From our scanty data there is no way of knowing how many factors 
were brought in by the starchy parent. To fit the interpretation to the 
preceding discussion it will be assumed that there has been a simplifica- 
tion of the genetical composition such that the segregating ear in ques- 
tion is homozygous for the C factor and heterozygous for only A and 
B. The C factor difference is the one ruled out because no evidence 
was obtained in this material of a clean-cut segregation approximating 
3 to I as in the previous case. 

The ear used in this second selection experiment, then, supposedly has 
been produced on a plant homozygous for the C factor and heterozygous 
for A, and having four visibly different kinds of seeds according to their 
comjwsition with respect to B, as follows : 


Plant 


Aa 


Seeds 


rBBB 

BBb 

bhB 

bbb 


I selected starchy ; 
I selected sweet. 


With the assumption as before, that B does not differentiate sharply, 
the seeds gradate from nearly pure starchy to nearly pure sweet (see 
figure 14, ear on the right) and the variation is equally balanced be- 
tween the two extremes. C is present in all seeds but has little effect 
with bb and heterozygous Aa. Selection of the most starchy- and most 
sweet-appearing seeds consists of choosing the BBB and BBb seeds on 
the one hand, and the bbB and bbb seeds on the other. All four types 
carry indiscriminately AA, Aa or aa, so that the numerical possibilities 
in the next generation are as shown in table 4. 
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Table 4 

The theoretical result, in the following generation, of selecting starchy- and sweet- 
appearing seeds from a segregating ear borne on a plant homozygous 
for C and heterozygous for A and B. 


Type of seeds 
selected 

Composition and number of P# seed 
populations and Fo plants which 
produce them 

Appearance of Fg seed 
populations 



j 

Plant Seeds 
(AA BBB 2 

Pure pseudo-starchy 

Starchy seeds BBB 

8 


Aa 

BBB 4 

Intermediate, uniform 

1 



aa 

BBB 2 

Intermediate, uniform 




{AA 

BBB I 

Pure pseudo-starchy 



[■ 

[ 

1 

<^AA_ 

{BBB \ 

\BBb 2 

\bbB 

bbb 

Intermediate, A^ariable 

1 



\AA 

bbb I 

Intermediate, uniform 




{Aa 

BBB 2 

Intermediate, uniform 

Starchy seeds BBb 
and 

sweet seeds bbB 

16 - 

- 

1 

A a 

< 

'BBB 

BBb 4 

hbB 

bbb 

Intermediate, variable 




A a 

bbb 2 

Intermediate, uniform 




{aa 

BBB I 

Intermediate, uniform 



1- 

1 

|fla j 

'BBB 

BBb 2 

bbB 

bbb 

Intermediate, variable 





bbb I 

Pure sweet-appearing 




{AA 

bbb 2 

Intermediate, uniform 

Sweet seeds bbb 

8 



bbb 4 

Intermediate, uniform 




[aa 

bbb 2 

Pure sweet-appearing 


32 



32 
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Summing up the theoretical situation and comparing this with the re- 
sults actually obtained, the agreement is close. 

Table s 


Numbers 

Classification of ears in 

Proportion 

found 

both selected progenies 

Expected 

Found 

I 

Pure starchy 

3 

2 

8 

Intermediate and uniform 

18 

16 

4 

Intermediate and variable 

8 

8 

2 

Sweet-appearing 

3 

4 

15 


32 

30 


None of the apparently pure types have been grown as yet to test the 
propriety of their classification. The intermediate ears, both uniform 
and variable, diifer in the degree in which they approach the one or the 
other extreme as shown in figures 13 and 14. The distinction between 
intermediate variable and intermediate uniform is somewhat arbitrary 
although it can be easily seen in the illustration that some of the ears 
are segregating and others are not. 

It should be noted that, according to theory, the sweet ears of this last 
material have a different constitution than the sweet segregated seeds of 
the one notable ear of the other material. In that segregating ear the 
translucent seeds are given the formula AA BBB cc while in this case 
the sweet seeds are m bbb CC, The seeds of both are translucent. In 
the latter they are strongly wrinkled while in the former they are not. 
Whether or not these assumptions are correct can be easily tested by 
crossing the two different types of sweet seeds. The pollination made 
one way should give pseudo-starchy seeds, — made the other way should 
have very little effect, as the reciprocally crossed seeds differ markedly 
in composition. In the first instance they are AA BBb cC pseudo- 
starchy ; in the other aa bbB Cc sweet or only slightly modified. In the 
next generation both crosses should give intermediate, indefinitely segre- 
gating ears similar to the ones shown in figure 9, with the possibility of 
recovering complete pseudo-starchiness in later generations. 

CONCLUSION 

The reader may question the desirability of presenting such an elabo- 
rate hypothesis with so few data to support it. The inheritance of 
pseudo-starchy endosperm is a task in itself and is not primarily the 
problem we undertook to solve in determining the effects of selection. 
The inheritance of this character will be followed up. It will be sur- 
prising if the interpretation given here will be entirely adequate to cover 
all the pdssibilities in this material. The one presented shows how a 
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complicated situation may be due to relatively simple genetical differ- 
ences. And whether or not the interpretation given is wholly correct is 
aside from the main point at issue since it seems clear to the writer that 
some similar factorial analysis will bring the results into alignment if the 
one given is not altogether satisfactory. 

What we undertook to find out was : 

(1) Whsther or not this original semi-starchy condition was an ex- 
ception to the complete segregation of the two allelomorphs represented 
in starchy and sweet endosperms. 

(2) Whether or not the effect of selection upon this apparent blend 
was the result of a progressive change of a single unstabilized Mendelian 
unit. 

Both of these questions can be answered decidedly in the negative. It 
has been shown beyond doubt that pseudo-starchiness, as described here, 
and true starchiness, as commonly understood, in maize endosperm, are 
genetically dissimilar. Therefore, segregation of the one principal alle- 
lomorphic pair involved in the original starchy and sweet endosperm 
types was complete. It has also been clearly shown that several Men- 
delian units are concerned with this new character and that therefore the 
effect of selection upon this material, in all probability, is due to the 
sorting-out and re-arrangement of various of these units. The evidence 
for this lies in the facts that ( i ) selection was most effective in the early 
generations of self-fertilization and alterations ceased as homozygosis 
in other factors was brought about; (2) when the extremes of selection 
were crossed no clear-cut segregations occurred in Fj but in later gener- 
ations, as the germplasm was automatically simplified by self-fertiliza- 
tion, different types of segregation of a more definite nature appeared, 
with which selection was more effective. 

To believe in the truth of these assertions it is not necessary to have 
the inheritance of all factors having to do with this rather complex endo- 
sperm situation worked out in all detail. Such a line of investigation is 
interesting but less important than the main points already covered. This 
material is not favorable for making an exact and minute genetical an- 
alysis. For this purpose we already have at hand a number of beautiful 
illustrations which are apparently far more complicated than this situa- 
tion in maize but have been put on a satisfactory factorial basis. One 
does .not hope to offer anything from this endosperm character, equal, 
for example, to the rigorous analysis of the beaded wing character in 
Drosophila by Muller (1918). The recent work of Emerson (1918) 
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with aleurone color and of Lindstrom (1918) with chlorophyll color in 
maize ought also to be noted in this connection. Our meager results con- 
sidered with such investigations as these and with other experiments deal- 
ing directly with the problem of selection, particularly those of Mac 
Dowell (1915), Pearl (1917), Morgan (1917), Sturtevant (1918) 
and Payne (1918) fit in with the general conclusion to be derived from 
present-day genetical research along this line, which is, that the hypothe- 
sis of stable hereditary units, while similarly subject to limitations, is as 
useful in the field of genetics as the atomic theory is in the realm of 
chemistry. 

SUMMARY 

1. Amylaceous seeds in an extracted recessive progeny from a cross 
of starchy and sweet varieties of maize suggested that an imperfect seg- 
regation' or contamination of the two allelomorphs might have occurred. 
This material was the basis for a selection experiment attempting to re- 
cover both parental types. 

2. After five generations of selection in opposite directions in self- 
fertilized lines apparently pure sweet and pure starchy strains were ob- 
tained which remained constant during from four to five additional years 
of self-fertilization and selection. 

3. When crossed with an ordinary variety of starchy maize both the 
sweet- and starchy-appearing selections behave the same, segregating 3 
to I in the second generation into starchy and sweet seeds. 

4. Examination of the starch grains of the two selections shows them 
to be much alike and both lots together are not fully developed as com- 
pared to starchy varieties. 

5. In chemical composition the starchy selection is more like other 
starchy types, particularly in soluble and insoluble carbohydrates. 

6. Nevertheless, on account of its behavior in inheritance, from the 
nature of its starch grains and the qualities of the seeds this starchy- 
appearing selection is considered to be independent and genetically dis- 
tinct from true starchiness. This new form of endosperm is called 
pseudo-starchy. 

7. Crosses of pseudo-starchy and sweet give' indistinctly segregating 
seed populations in Fj which show little response to selection in the next 
generation but in later filial periods selection is able to recover the pa- 
rental patterns. 

8. The pseudo-starchy type is also recovered from the extracted sweet 
seeds of the cross of pseudo-starchy and true starchy. 
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9. In both these crosses segregation becomes more distinct in later 
generations after the plants have been inbred. Two different kinds of 
segregation are observed; one giving a sharp mono-hybrid ratio of 
opaque and translucent seeds ; the other giving a less definite splitting in 
a I to I fashion which responds immediately to selection. 

10. Endosperm and plant factors working together are assumed in the 
interpretation of these results such that reciprocal crosses have slight 
immediate effect and in the Fg seed populations the appearance of the 
seeds is not closely correlated with their genetic composition and hence 
their behavior in later generations. Tentative factorial schemes are used 
to illustrate ways by which these conditions may be brought about. 

11. No evidence is found that imperfect segregation or contamination 
of factors occurred in the separation of the determiners of starchy and 
sweet endosperms in the original cross. The effects of selection with 
this character can be most logically attributed to the sorting-out and re- 
arrangement of hereditary factors. 
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INTRODUCTION 

A constant color correlation between cocoon and blood color is uni- 
versally believed to be a fact; the yellow-cocoon-spinners are always 
yellov ’-blooded, while the white-cocoon-spinners are white-blooded. The 
blood iolor is visible through the cuticular coat of the caterpillar, espe- 
cially on the ventral side of the body and on the abdominal legs ; so that, 
by observing these, we were led to believe that we could tell exactly of 
what color the cocoon would be. Even in the elaborate studies of my 
revered teacher, the late Prof. Dr. Tovama, and Mr. Tanaka, on the in- 
heritance of cocoon color in the silkworm, the cocoon color was mostly 
determined from the blood color during the larval stage, for fear of losing 
worms incidental to rearing. 

To my great surprise, some white cocoons were accidentally reared 
from a batch which contained yellow-blooded caterpillars only, in the 
autumn of 1916. At first it was thought that they had been taken by 
mistake from other batches; but the yellow color of the blood seen 
through the bodies of those pupae cleared away that doubt. All the indi- 
viduals of the next generation, paired among those yellow-blooded white- 
cocoon-spinners, displayed the same character as their parents, i.e., the 
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yellow-blooded worms produced white cocoens, — ^this must be a new 
discovery. 

I have ascertained that they are pure bred so far as the color of blood 
and cocoon is concerned, having bred seven generations of this new 
race since then. 

From this fact it can be positively said that the yellow-blooded silk- 
worms do not necessarily spin yellow cocoons. To investigate the rela- 
tion between the blood color and the cocoon color in silkworms I began 
experiments in the spring of 1917, which are not yet completed. Part of 
my work, however, is now accomplished and the following series of ex- 
periments will throw some light on it. 

Before giving details of my investigations, I wish to express my heart- 
felt thanks to Dr. Tatsushiro Kagayama, the Director of the Station, 
and Prof. Dr. Chiyomatsu Ishikawa, for their valuable advice and 
their kindness in revising the manuscript. 

MATERIALS, METHODS AND REMARKS 

For brevity’s sake I make use of the following abbreviations ; 

YY refers to yellow-blooded yellow-cocoon-spinners, and in some 
cases to the character itself, too. 

YW refers to yellow-blooded white-cocoon-spinners, and in some 
cases to the character itself, too. 

WW refers to white-blooded white-cocoon-spinners, and in some 
cases to the character itself, too. 

I selected the following seven races as materials for hybridizing with 
the yellow-blooded white-cocoon-spinner, which, as already me».tioned, 
was newly discovered in our Institute. 

“Onodahime”, a Japanese tetra-voltine yellow race which bred true to 
YY for 32 generations ; 

“Seiyo”, a Chinese di-voltine yellow race which bred true to YY for 
6 generations. 

“Tobuhime”, a Japanese di-voltine white race which bred true to WW 
for 14 generations. 

“Shozan” 

“Simpaku” Chinese di-voltine white races which bred true to WW 

“Jdsai” for 7 or 8 generations. 

“Shoko” J 

I adopted the artificial methods of hatching the eggs and thus se- 
cured eight generations in two years. I pursued three methods of hatch- 
ing, (a) immersion in hot water, (bj immersioi\ in dilute or concentrated 
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hydrochloric acid and (c), by electricity. Of these three I can not 
say which was the best, for I obtained quite good results with each of 
them; but it is certain that the worms were a little weaker than those 
naturally hatched and the percentage of worms lost by disease and 
through mistakes while raising, was 3.5 percent to 79.6 percent. 

As to the method of breeding there is nothing particular to say ; but 
it may be mentioned here that the worms from each parent were reared 
in a separate basket, so that each lot number in the tables in this paper 
comprises eggs laid by a single parent moth. 

CROSSES BETWEEN YW AND YY 

Fi generation 

Reciprocal crosses were made and 2584 Fi cocoons were reared. All 
were YY, and I was unable to detect any difference between the pure 
YY parent and the hybrids, in the intensity of the yellow color of their 
cocoons. We may conclude, therefore, that YY is perfectly dominant 
over YW. 


F2 generation 


The F2 generation produced by the Fi hybrids above described were 
found to contain YY and YW in the ratios shown in table i. 

Table i 


Lot No. 

Fg generation 

YY 

YW 

Totals 

YY : YW per 4 

A -’17- 9S6 

178 


233 

3056 

0.944 

A -’ 17 - 957 

184 


239 

3079 

0.921 

A -’17- 959 

182 


235 

3098 

0.902 

A -'17-1099 

63 


83 

3036 

0.964 

A -'17-1101 

180 


248 

2.903 

1.097 

A -'17-1102 

165 

64 

229 

2.882 

1.118 

A -'18- 238 

187 

51 

238 

3.143 

0.857 

A -'18- 239 

220 

69 

289 

3.045 

0.955 

A'^-'i 7-965 

170 

74 

244 

2.787 

1.213 

A'-'i 7 - 966 

2 ii 

76 

287 

2.941 

1.059 

A'-’i 7 - 967 

163 

48 

211 

3.090 

0.910 

Total 

1903 

633 

2536 

3.002 

0.998 


a = It: O.OQ2 = ±. 0.023* 


is the reciprocal hybrid of A. Hereafter in every table x and x\ in general, 
means the same relation as A to 

* a = deviation from expectation ; = probable error of the mean, 

0.6745 X standard deviation 

== ^ 7 "; - 

V number of individuals Vn” 
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Thus, it is seen that in Fj both of the reciprocal hybrids segregated in 
the ratio sYYriYW. 


Fg generation 

It was found that' YW in the former generation produced 1127 YW 
offspring without a single exception in the six batches raised. 

Some of the YY in Fg produced exclusively YY offspring and the 
others were found to segregate in the ratio 3YY : lYW, as shown in 
table 2. 

■ But the ratio between those which bred true to type in Fg, and those 
which segregated in the ratio 3:1, can not be readily ascertained be- 
cause of their inability to self-fertilize. 


Tabu; 2 


Lot No. 

Character 
of F, 

Fg generation 

YY 

YW 

Totals 

YY : YW per 4 

45 

YY 

192 

— 

192 

* 


46 

YY 1 

172 

— 

172 


.All YY 


YY 

68 

— 

68 



Bi- 18-214 

YY 

244 


244 



Total 


676 

— 

676 


Ba-'i8- 47 

YY 

154 

52 

206 


2.990 i.oio 

Ba-*i8- 48 

YY 

III 

43 

154 


2.883 : 1,117 

Ba-* 18-206 

YY 

64 

22 

86 


2.977 : 1.023 

Ba-*l 8-207 

YY 

83 

27 

no 


3.018 : 0.982 

Ba-*l8-2II 

YY 

160 

62 

222 


2.883 : 1.117 

Total 


572 

206 

778 

2.941 : 1.059 


0 = ± ao59 E^ = ± 0.042 

Back crosses 

I back-crossed the cross-bred form with both of the pure parent breeds, 
and found Fi X YY and its reciprocal produced 516 YY only. 

In the case of Fi X YW (C) and its reciprocal (C') a segregation 
occurred in the ratio lYY : lYW as table 3 shows. 


Table 3 


Lot No. 

YY 

YW 

Totals* 

YY ; YW per 4 

C-'i7-ii03 

73 

60 

133 

2.195 : 1.805 

C-'i7-ii04 

no 

lOI 

211 

2.08s ; 1.91S 

C'-’i7-iios 

22 

31 

53 

1.660 : 2.340 

C'-’i7-iio6 

64 

75 

139 

X.842 : 2.15S 

C'-’l 7 rI 12 I 

30 

33 

63 

1.905 : 2.095 

Total 

299 

300 

599 

1.997 : 2.003 


a = ±: iO.003 = ± 0*055 
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CROSSES BETWEEN YW AND WW 

Although the WW used here in my experiment are pure in both blood 
and cocoon, being white in color, our experiments revealed three dif- 
ferent results. • 

The following series of experiments show these distinctly. 

CASE I 

jPi generation 

All 3372 Fi’s produced from reciprocal ways were YY. We could not 
detect any visible variation in the intensity of the yellow color in the 
cocoons of YY F^’s; more than this they took after the pure bred YY. 
Therefore a new character YY appeared on crossing YW with WW. 

F2 generation 

As table 4 shows, in the F2 generation we had YY, YW and WW in 
the ratio of 9 : 3 : 4. 


Table 4 


Lot. No. 

Fg generation 

YY 

YW 

WW 

Totals 

YY : YW : WWper i6 

D -*17-924 

1 14 

41 

60 

215 

8.484 

3.051 

4.465 

D -’17-925 

152 

41 

72 

265 

9177 

2.475 

4-347 

D -’18-172 

84 

31 

42 

157 

8.561 

3.159 

4.280 

D -’18-173 

155 

54 

68 

277 

8.953 

3.II9 

3-928 

D -’18-174 

130 

32 

70 

232 

8.966 

2.207 

4.828 

D -’18-175 

213 

73 

89 

375 

9.088 

3.II5 

3-797 

D -’18-176 

195 

61 

82 

338 

9.231 

2.888 

3.882 

D -’18-178 

126 

50 

54 

230 

8.765 

3.478 

3.757 

D -’18-179 

104 

27 

44 

175 

9.509 

2.469 

4.023 

D -’18-604 

80 

38 

41 

159 

8.050 

3.824 

4.126 

D-’i8-6os 

118 

33 

42 

193 

9.782 

2.736 

3.482 

D'-’i 7-940 

97 

21 

41 

159 

9.761 

2.113 

4.126 

D'-’i 7 - 94 I 

99 

37 

53 

189 

8.381 

3.132 

4.483 

D'-’i 7-942 

123 

46 

58 

227 

8.670 

3.242 

4.088 

D’-’i8-I92 

88 

30 

39 

157 

8.968 

3.057 

3.975 

D’-’i8-6o6 

66 

28 

31 

125 

8.448 

3.584 

3968 

Total 

1944 

643 

886 

3473 

8.956 

2.962 : 

4.082 


a(YY)=-0.044 £(YY) =±0.091® 

a(YW)=>-o.038 £ (YW)=±o.o7i 

a(WW)=+o.o82 £^(WW) =±0.079 a(WW)/£^(WW) =1.038 

*i»(YY), and £^(YY) mean, respectively, the deviation and the probable error 
in the YY group. The other symbols bear corresponding relations to the groups 
designated. 
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Fg generation 

WW in the former generation bred true to its type, producing 1277 
WW in four batches; while in both YY and YW, some segr^^ated in 
the ratios shown in table 5. • 


Table s 


Lot No, 

Charac- 
ter of 

Fa 

Fg generation 

YY 

YW 

WW 

Totals 

Ratios 

E.-’i 8 - s 

YY 

253 

— 

— 

253 

f 


Ej-*i8-I48 

YY 

200 

— 

— 

200 

1 

.All YY 

£,-’18-151 

YY 

137 

— 

— 

137 

1 


£,-’18-429 

YY 

130 

— 

— 

130 

1 


Tdtal 


720 

— 

— 

720 


£r’i8- 6 

YY 

mm 

38 

— 



2.937 : 1.063 

£,-18-152 

YY 

■B 

33 

— 



2.935 : 1065 

E^’18-430 

YY 

wm 

42 

— 

BB 


3.029 : 0.971 

Total 


327 

113 

— 

440 

2.973 : 1 027 


a=±o.o27 E =±0.056 

HI 


£,-’18- I 

YY 

160 


54 

214 

2.991 : 1.009 

E,-’i8- 7 

YY 

268 

— 

1 12 

380 

2.821 : 1.179 

£,-’18-149 

YY 

74 , 

— 

23 

97 

3.052 : 0.948 

Total 

1 


502 

— 

189 

691 

2.906 : 1.094 

a=±o.094 

E^=±o.Q 44 fl/£^=2.i36 


E*-'i8- 2 



33 


198 

8.889 : 2.667:4444 

£.-’18-147 


93 

25 


ISI 

9.854 : 2.649:3.407 

£.-’18-150 


34 

10 

Bl 

55 

9.891 : 2.909 : 3.200 

Total 


237 

68 

99 

404 

9.381^ : 2.693 : 34x21 


a(Yy)=+o .386 E(YY)=>±o.266 a(YY)/E (YY)=I4S1 

fl(YW)=-a 307 E (YW)=±Oi2io «i(YW)/^(YW)=i.4|fi3 

a(WW)=-0.079 £ (WW)=±o .233 
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Table 5 (continued) 


E8-h8-43i 

E 5 -*i 8-432 

E 8 -'i 8-433 

YW 
YW 
YW ‘ 

— 

136 

203 

178 

— 

136 

203 

178 

|a 11 YW 

Total 


— 

517 

— 

517 


E«-'i7-io24 

YW 

— 

44 

20 

64 

2.750 : 1.250 

E8-*i8- 8 

YW 

— 

336 

88 

424 

3.170 : 0.830 

Ee-'l8- 12 

YW 

— 

247 

81 

328 

3.012 : 0.988 

Total 


— 

627 

189 

816 

3.074 : 0.926 


a= ±0.074 £^=±0.041 a/£^=i.8o5 


Thus we see that there are four types in the genetical constitution of 
YY, though they are alike in appearance, and two types in the YW 
group of the F2 generation. 


Back crosses 

(a) Fj X YW(F) and its reciprocal (F') 

YY and YW occurred in the ratio of i : i as shown in table 6. 


Table 6 


Lot No. 

YY 

YW 

Totals 

YY : YW per 4 

F -’17- 932 

125 

146 

271 

1-845 

2 .IS 5 

F -’ 17 - 933 

131 

139 

270 

1. 941 

2.059 

F-17- 948 

80 

78 

IS8 

2.025 

I- 97 S 

F -17- 949 

IQ 2 

1 17 

219 

1.863 

2.137 

F -*17-1032 

128 

90 

218 

2.349 

1.651 

F -*17-1038 

59 

56 

II5 

2.052 

1.948 

F-*i8- 646 

29 

42 

71 

1-634 

2.366 

F'-’I 7 - 934 

106 

69 

175 

2.423 

1.577 

F'-’i 7 - 935 

108 

91 

199 

2.171 

1.829 

F'-’i7- 950 

61 

67 

128 

1.906 

2.094 

F'-’i 7 - 9 SI 

74 

62 

136 

2.176 

: 1.824 

F'-’i7-1039 

50 

56 

106 

1.887 

2.113 

F'-’i7-I042 

51 

62 

1 13 

1.805 

2.19s 

F'-'i7-1090 

47 

’ 44 

91 

2.066 

1.934 

F'-’i8- 647 

28 

29 

57 

1.965 

2.035 

Total 

1179 

1148 

2327 

2.027 

1.973 


a=±0.027 £ =±0.028 

fit 


(b) Fi X WW (G) and its reciprocal (G') 

In this case YY and WW occurred in the ratio i : i, as table 7 shows. 
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Table 7 


Lot No. 


WW 

Totals 

YY : WW per 4 

G-*i7- 928 

228 

187 

41S 

2.198 

1.802 

G-'i7- 929 

200 

173 

373 

2.145 

1.8SS 

G -’17- 944 

168 

164 

332 

2.024 

1.976 

G-’i 7- 945 

139 

137 

276 

2.014 

1.986 

G-'i7-ii24 

192 

214 

406 

1.892 

2.108 

G-’i8- 633 

SO 

57 

107 

1.869 

2.131 

G-'i8- 639 

III 

125 

236 

1.881 

2.119 

G-'i8- 640 

55 

47 

102 

2.157 

1.843 

G -'18- 642 

121 

109 

230 

2.104 

1.896 

G-*i8“ 643 

80 

102 

182 

1.758 

2.242 

G-*i8- 652 

75 

82 

157 

1.911 

2.089 

G-*i8- 658 

90 

88 

178 

2.022 

1.978 

G'“'i 7~ 930 

113 

no 

223 

2.027 

1-973 

G -^17- 931 

122 

134 

256 

1.906 

2.094 

G'-’i 7- 946 

146 

137 

283 

2.064 

1.936 

G'-^i 7- 947 

169 

140 

309 

2.188 

1.812 

G'-* 17- 1049 

87 

78 

i6s 

2.109 

1.891 

G'-'i7-ioso 

no 

127 

237 

1.857 

2.143 

G'-*i8- 42 

129 

I 164 

293 

1.761 

2.239 

G'-’i8- 634 

72 

64 

136 

2.118 

1.882 

G'-'i8- 635 

83 

63 

146 

2.274 

1.726 

G'-*i8- 644 

81 

70 

iSi 

2.146 

1.854 

Total 

2621 1 

2572 

S193 

2.019 

1.981 


a=±o.oi<) £^=±0.019 


CASE II 

generation 

In contrast to case i, the YW in this case was entirely dominant over 
WW, — all the 3075 Fj’s made in both reciprocal ways were YW. 

F2 generation 

As table 8 shows, simple Mendelian segregation occurs in the Fj 
generation. 


Fg generation 

Out of seven batches of the WW group, I reared 1650 white cocoons, 
i.e., WW bred true to its type. But the YW group did not always do 
so. Out of the six batches reared two s^regated in the ratio of 3YW : 
I WW, as the following table shows. 
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Table 8 




F 

2 generation 


liOt JNo. 

YW 

WW 

Totals 

YW : WW per 4 

H -*17-1027 

103 

27 

130 

3.169 

0.831 

H-*i8- 182 

277 

120 

397 

2.791 

1.209 

H-*i8- 183 

219 

82 

301 

2.910 

1.090 

H-*i8- 184 

206 

71 

377 

2.975 

I. 02 S 

H-*i8- 185 

260 

79 

339 

3.068 

0.932 

H -*18-718 ‘ 

126 

43 

169 

2.982 

I.OI8 

H -*i8- 719 

167 

63 

230 

2.904 

1.096 

H -*i8- 720 

ii8 

36 

IS 4 

3.06s 

0.935 

H*-*i 7 -iP 7 S 

49 

IS 

64 

3.063 

0.938 

H'-*i7-io8i 

47 

IS 

62 

3.032 

0.968 

H'-*i8- 193 

154 

SO 

204 

3.020 

0.980 

H'-*i8- 194 

233 

66 

299 

3.117 

0.883 

H'-*i8- 195 

181 

69 

250 

2.896 

I.IO4 

Total 

2140 

736 

2876 

2.976 ; 

1.024 


a=±0.024 £^=±0.022 o/£^=i.09I 


Table 9 


Lot No. 

Fg generation 

YW 

WW 

Totals 

YW : WW per 4 

13 

186 

— 

186 



L-’i8- 14 

213 

“ 

213 


.All YW 

Ii-’i8-i53 

102 

— 

102 



I, -’18-449 

251 

— 

251 

. 


Total 

752 

— 

752 



L-* 1 8-446 

63 

20 

83 


3.036 : 0.964 

L-*i 8-588 

139 

39 

178 


3.124 : 0.876 

Total 

202 

59 

i 261 

3.096 : 0.904 


a=±:o.096 £^=±0.067 flE/£^=i.433 


Back crosses 

I back-crossed the cross-bred form with both of the pure parent breeds, 
and found Fi X YW and its reciprocal produced 1958 YW only. In 
the case of Fi X WW (J) and its reciprocal (J') a segregation occurred 
in the ratio of lYW : iWW as shown in table 10. 

CASE 3 
generation 

Differing from both case i and case 2, YY and YW occurred in the 
ratio of I : I even in the Fi generation. 
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Table io 


Lot No. 

YW 

ww 

Totals 

YW : WW per 4 

j -’18-199 

108 

92 

200 

2.160 : 1.840 

J -’18-712 

48 

37 

8 s 

2.259 : i- 74 t 

J’-’i8-702 

65 

54 

1 19 

2.1S5 : 1.815 

Total 

221 

183 

404 

2.188 : 1.812 


a=:±:ai88 £^=±0.067 a/E^z. 9 c 6 


Table h 



generation 

JLot JN 0. 

YY 

YW 

Totals 

YY : YW per 4 

K -’18-240 

102 

114 

216 

1.889 : 2.111 

K -’18-525 

39 

36 

75 

2.080 : 1.920 

K -’18-527 

28 

36 

64 

1.750 : 2.250 

K -’18-528 

46 

35 

81 

2.272 : 1.728 

K -’18-550 

129 

105 

234 

2.205 : 1795 

K -’18-569 

137 

164 

301 

1.821 : 2.179 

K'-’i 7-523 

23 

18 

41 

2.244 : 1.756 

K’-'i 8-490 

64 

63 

127 

2.016 : 1.984 

K'-’i 8-553 

164 

155 

319 

2.056 : 1.944 

K’-’i 8-570 

108 

iiS 

226 

1.912 : 2.0^ 

Total 

1 840 

844 

1684 

1.995 : 2.005 


a=±o.oos £^=±0.033 


F2 generation 

YY and YW as in the Fi, segregated in the ratios shown in table 12. 


Table 12 


Lot No. 

Charac- 
ter of 

Fj generation 

YY 

YW 

WW 

Totals 

Ratios 

Li-’i8-723 

L'i-’i8-7o8 

YY 

YY 

29 

76 

11 

25 

22 

33 

62 

134 

7.484 : 2.839 : 5.677 
9.07s : 2985 : 3.940 

Total 


los 

36 

55 

196 

8.571 : 2.939 : 4.490 


a(YY=-o.429 £ (YY)=±:o.382 a(YY)/£ (YY)=si.i23 

flp(YW) =--0.061 £ (YW)=±a30i 

<*(WW)=-ho.49o £^(WW)=±o. 334 a(WW)'/£^(WW)=i467 


L, -’18-722 
LV’18-709 

YW 

YW 

...... 

141 

75 


182 

94 

3.099 : 0.901 

3.191 : 0.809 

Total 


— 

216 

1 60 1 

1 276 

3.130 : 0.870 


a=±o.i30 £^=±0.070 ^/£^=i.857 
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Thus it is seen that case 3 showed practically the same results from 
the YY as in case i and from YW as in case 2. 

Back crosses 

There were two types in the Fi generation as above mentioned, so in 
back-crossing the cross-bred form with both of the pure parent breeds 
there are four cases, as shown in the following tables. 

(i) Fx(YY) X YW 

In this back-crossing practically the same results were obtained as in 
the back-crossing in case i. 


Table 13 


Lot No. 

YY 

YW 

Totals 

Ratio 

M-’i8-7io 

71 

96 


1. 701 : 2.299 

. M-’i8-725 

164 

172 


1.952 : 2.048 

Total 

235 

268 

503 

1.869 : 2.131 

o=±:o.i 3 i 


=±0.060 


a/£^=2.i83 


(2) Fi(YW) X YW 

In this case there were 381 YW only, without a single exception. This 
is quite parallel to the back-crossing in case 2. 

(3) Fx(YY) X WW 

Here there was a very interesting result. Three different types of 
segregation were observed : 

(a) lYY : iWW 

(b) lYY : lYW : 2WW 

(c) 3YY : lYW : 4WW 

Among these (a) is a case quite parallel to the back-crossing in case i, 
and both (b) and (c) are newly observed ratios. 


Table 14 


Lot No. 

YY 

YW 

WW 

Totals 

Ratios 

N, -'18- 457 

105 

— 

120 


1B67 : 2.133 

N, -’18- 458 

144 

— 

139 


2.03s : 1.96s 

NV’i 8 - 4 S 9 

163 

— 

154 


2 . 0 S 7 : 1.943 

Total 

412 

— 

413 

82s 

1.998 : 2.002 


a=:±o.po2 £^=±0.047 
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Table 14 (continued) 


Na-'iS- 469 

25 

31 

68 

124 

0.806 : 1.000 : 1.X94 

Na-'iS- 470 

24 

34 

45 

103 

0.932 : 1.320 I 1.748 

Total 

49 

65 

113 

227 

0.863 : Z-I 45 : 1*991 

a(YY)= 

=—0.137 


fYY)=±o.078 

a(YY)/£ (YY)=i.7S6 

a(YW) 

=- 1 - 0.145 


(YW) =±0.978 

a(YW)/J^(YW)=i.Bs9 

a(WW)=-o.oo9 

E. 

PI 

^(WW)= 

±0.090 


N,-’i7- 937 

145 ' 

55 

186 

386 

6.010 : 2.280 : 7.710 

N,-’i7- 953 

122 

28 

140 

290 

6.731 : 1.545 : 7.724 

N, -’17-1056 

II3 

43 

159 

315 

5.740 : 2.184 ^ 8.076 

Na -'17-1058 

135 

42 

173 

350 

6.171 : 1.920 : 7.909 

Na -’t7-I200 

83 

36 

I3I 

250 

S.312 : 2.304 : 8.384 

Na -'17-I2OI 

109 

39 

139 

287 

6.077 : 2.174 : 7.749 

N'a-'iS- 200 

. 81 

22 

I 2 I 

224 

5.786 : 1.571 : 8.643 

N',>i 7 - 939 

135 

35 

1 177 

347 

6.225 : 1.614 : 8.161 

Total 

923 

300 

1226. 

2449 

6.030 : 1.960 :• 8j0I0 


o(YY)=-H ).030 £^(YY)=±o.io6 

a (YW) =-0.040 E ( YW) =±0.072 

o(WW)=+o.oio. JS (WW)=±o.i09 


(4) Fi(YW) X WW 

As in the former case, three types of segfregation were also' found here. 

(a) lYY ; iWW 

(b) lYW : iWW 

(c) lYY : lYW : 2WW 

These interesting ratios will be discussed in a later section (page 409). 


Table 15 


Lot No. 

YY 

YW 

WW 

Totals 

Ratios 


31 

— 

31 

62 

2.000 : 2.000 


76 

— 

64 

140 

. 

2.171 : 1.829 

Total 

107 ' 

— 

95 

292 

2.1 19 : 1.881 

0 =:±0.1I9 



=± 0.095 


a/E„=j^j 

0a-'l8- 714 

B 

lOI 

82 

183 

2.208 : t.T9X 

OV17-IO96 

^9 

41 

32 

73 

2 J 247 : I. 7 S 3 

Total 


142 

1 14 

256 

1 2.219 : 1.781 


a=±o. 2 i 9 J5^s=:tO;o84 a/B^= 2 . 6 c^ 
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Table 15 (continued) 


0, -’17-1060 

0, -’17-1063 

0, -’17-1094 
0 ',-’i 8 - 727 

■ 

63 

101 

62 

62 

141 

180 

119 

121 

282 

361 

242 

257 

1.106 : 0.894 2.000 
0.886 : 1.119 ; 1.994 
1.008 : 1.025 : 1.967 

1. 152 : 0.96s : 1.883 

Total 

293 

288 

561 

1142 

1.026 : 1.009 : 


a(YY)— +0.026 JS (YY)=±o .035 

a(YW) =+0.009 YW)=±o.o 35 

a ( WW) =—0.035 WW)=±ao40 


CROSSES BETWEEN YY AND WW 

As in the former paragraph, our experiments revealed three different 
results in spite of the purity of WW used here, remarkable on account of 
both blood and cocoon being white. The following tables will explain 
these results. 

CASE I 

All Fi’s, — 1 71 cocoons were yielded, — ^were YY, and they segregated 
in the ratio of 3YY : iWW in the next generation. 


Table 16 


Lot No. 

Fg generation 

YY 

WW 

Totals 

Ratios 

P-*i 7 -ii 89 

208 

60 

268 

3.104 : 0.896 

P-’i7-ii90 

270 

67 

337 

3.20s : 0.795 

P-/17-1191 

231 

104 

33 S 

2.758 : 1.242 

Total 

709 

231 

940 

3.017 : 0.983 


a=±o.oi7 £^=±0.038 


CASE 2 

All Fi’s, — 191 cocoons were yielded, — were YY as in the former 
case, but they segregated in the next generation in the ratio of 9YY : 
3YW : 4WW instead of 3YY : iWW. 
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Table 17 


Lot No. 



F. 

generation 


YY 

YW 

WW 1 

Totals 

Ratios 

Q-’i8-274 

286 

55 

los 

446 

10.260 : 1.973 : 3.767 

Q-’i8-27S 

182 

55 

95 

332 

8.771 : 2.651 : 4.578 

Q-’i8-277 

241 

85 

123 

449 

8.588 : 3.029 : 4.383 

Q-’i8-278 

258 

94 

no 

462 

8.935 : 3.255 : 3 .8iO 

Q-’i8-279 

181 

69 

86 

336 

8.619 : 3.286 : 4.095 

Q-’i8-28o 

220 

84 

1 16 

420 

8.381 : 3.200 : 4.419 

Total 

1368 

442 

63s 

2445 

8.952 : 2.892 ; 4.155 


a(yY)=-ao48 £^(YY)=±o.io8 

a(YW)=:-o.io8 £ (YW)=±o.o8s a(YW)/£ (YW) =1.271 

a(WW)=+o.iS5 £^(WW)=±o. 09S a(WW)/£ (WW)=i.58(> 


CASE 3 

The ^95 Fi cocoons were all YY as in the former two cases, but two 
types of segregation in the F2 generation were found, as shown in table 
18. 


Table 18 


T XT... 

Fg generation 

Lot JN 0. 

YY 



Totals 

Ratios 

Ri- 18-298 

326 

B 

128 

454 

2.872 : 1.128 

Total 

326 

B 

128 

454 

2.872 : 1.128 


(*=±0.128 £^=±0.055 (*/£^=2.327 


R,-’i 8 -a 95 

Rj-’i8-^ 

210 

178 

^9 

115 

69 

394 

321 

8.528 : 2.802 : 4.670 

8.872 : 3.688 : 3.439 

Total 

388 

— 

184 

715 

8.683 • 3.200 : 4.1 17 


a(YY)=-o.3i7 £^(YY)=±o.200 a(YY)/£^(YY)=i. 58 s 

a(YW)=+o.20O £ (YW) =±0.158 o(YW)/^(YW)=i.266 

a(WW)=4o.ii7 £ (WW) =±0.175 


SILK GLANDS OF YY, YW AND WW 

If we cut the back of a mature worm, we find that a pair of silk glands 
fills up nearly the whole space of the body cavity and looks yellowish or 
whitish according to their blood color. Though no distinction in the 
relative intensity of the yellowish color of the blood between YY and 
YW can be seen with the naked eye, we can easily distinguish the silk 
gland of YY from that of YW by its deq) yellow. The distinction be- 
comes far more obvious if examined in the following manner. Cut the 
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middle division of the gland with a knife, hold its anterior part firmly 
between two fingers, suspend it, and pull out the liquid silk carefully 
from the gland-lumen with the tip of a pincette, then we can separate the 
transparent silken column from the gland proper. 

The silken column of YY thus obtained is deep yellow, while that of 
YW is white ; and further we see that both of their glands proper are 
equally tinged with light yellow. 

From these observations, the two following conclusions can be drawn : 

(a) The color of the liquid silk is quite in accordance with the color 

of the cocoon fibre irrespective of the blood color; and 

(b) The gland proper is equally tinged with light yellow in the yellow- 

blooded silkworms no matter whether their cocoon fibre spun 
be yellow or white. 

GENERAL CONSIDERATIONS 

In considering the general hereditary phenomena above mentioned, 
in the first place, the numerical ratios obtained in the experiments may 
be regarded as trustworthy; for in most of them the deviations from 
expectation are smaller than the probable errors, and even in the re- 
verse cases the deviations are far smaller than 3 times the probable er- 
rors. In the second place, it will be noted that, in disagreement with the 
studies of Toyama and of Tanaka, two factors are necessary to yield 
the yellow cocoons, as shown by a glance at the yellow-blooded white- 
cocoon-spinners and their silk glands, i.e., YW. 

As shown in case i of the crosses between YW and WW, we had YY 
only in the Fi generation and 9YY : 3YW : 4WW in Fg. All that is 
essential to the production of this ratio in F2 is that Fi be heterozygous 
for two factors, of which one is perceptible whenever existent, while the 
other needs the existence of the first one in order that its own effect may 
be manifested. Here we represent by C and V two factors or genes for the 
yellow-blooded yellow-cocoon-spinners. Whenever C exists, we see the 
blood colored ; while Y alone is not perceptible, but the yellow cocoons are 
produced by the yellow determiner, V, only when C is present. Then we 
have the formula CCVY for YY and CCyy for YW.^ In the crosses be- 

* Since the completion of this manuscript, . a report by Miss L. C. Maude on 
the color characters of the cocoons of the silk- worm appeared in the August number 
of the Proceedings of the Zoological Society of London, 1918. Miss Maude did not 
determine the color character of the cocoons during the larval stages, but examined 
the cocoon colors only, and tried to represent the character of the yellow by a factor 
y , and that of the flesh by a factor F. 

As regards the various colors of the cocoons with the exception of the yellow dealt 
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tween YW and YY we have therefore CCYy in Fi and consequently in 
Fi we should have the segregation of the simple three-to-one sort. This 
expectation has been fully realized. There will be no need of illustrating 
the segregating phenomena in F» and back-crossing of Fi with both of 
the pure parent breeds, which are shown in tables i to 3. 

Three formulae may be conceived for WW, namely, ccYY, ccyy and 
ccYy, but possessors of these three formulae apparently can not be dis- 
tinguished one from another ; consequently, in the crosses between YW 
and WW, and between YY and WW, we ought to have three cases which 
may be put briefly in tabular form as follows : 

The Arabic numerals in parenthesis denote the number of individuals 
having the indicated genotypic constitution. 

If we look at the genetic constitutions of YY, YW and WW of F* 
generation enumerated above, it will be easily seen that our expectations 
in Fg should be as follows : 

1. An Fg generation produced by YY should be of four kinds, namely, 
those breeding true to YY (CCYY X CCYY; CCYY X CCYy; 
CCYY X CcYY; CCYY X CcYy; CcYY XCCYy) those segregating 
in the ratio of 3YY: lYW (CCYy X CCYy; CCYy X CcYy) ; those 
segregating in the ratio of 3YY : iWW (CcYY X CcYY; CcYY X 
CcYy ) ; and those segregating in the ratio of 9YY : 3YW : 4WW 
(CcYy X CcYy). 

2. An Fg generation produced by YW should be of two kinds, namely 
those breeding true to YW (CCyy X CCyy; CCyy X Ccyy), and those 
segregating in the ratio of 3YW : iWW (Ccyy X Ccyy). 

3., An Fg generation produced by WW should all breed true to WW, 
though their genetic constitutions might differ. 

These expectations were all fulfilled as is shown in table 5. 

The results from the back-crossing of Fi with both of the pure parent 
breeds still further support our conclusions, but there is no need of 
detailed explanation, for tables 6 and 7 give sufficient proof. 

These tabular expectations were also completely fulfilled as shown in 
tables 15 to 18. 

It is thus clear that all of the new observations are explained if two 

with in the present paper, many experiments have been already carried out, which 
although not yet completed, make it possible to state with certainty, that the flesh 
color of the cocoons is produced not only by the factor F as Miss Maudk is incUned 
to diink, but by the presence of another factor which we call C. 

Descriptions of the results obtained by these experiments as well as discuMions 
upon them will be treated in a separate -paper. 

‘ These comprise all the possible crossings whidi may yield the mentioned F,. 
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factors or genes are assumed to be necessary for the production of the 
yellow cocoon, one of these factors being perceptible whenever present, 
giving the blood a yellow color, while the other needs the presence of the 
first in order that its own effect may be seen by making the cocoon yel- 
low also. In the words of Shull (1908) the relation of these two fac- 
tors represents a case of “latency due to separation,” since patency is 
brought about by recombination of C and Y. The F2 ratio 9:3:4, 
consequent upon the above presumption, recurs very frequently in Men- 
delian analyses. 

In general, for instance, we assume two genes X and Y, and that X is a 
gene which, independently of other known factors, produces a perceptible 
effect, and that Y needs the presence of X in order that its own effect 
may be manifested. Although there is no apparent distinction in the 
pure-bred xx — , they differ genetically with respect to the gene Y, as- 
suming the three types xxYY, xxyy and xxYy. But very few investi- 
gators have shown this relation systematically, though there are many 
elaborate studies on the “compound characters,” the “plural genes” or 
“several types of latency.” So I shall discuss it somewhat more par- 
ticularly. 

In the spring of 1917, I made reciprocal crosses between a Chinese 
di-voltine white race called “Shozan” and the Fi hybrid of YW and YY 
already mentioned. The former had been bred true to WW since 1914, 
and the latter is doubtless CCYy in its genetic constitution if our theory 
is right. From this crossing the following results were obtained. 


Table tp 


Lot No. 

YY 

YW 

Totals 

YY : YWper4 

a 


S -*17-961 

367 

— 

367 

All YY 

— 

— 

S -’17-969 

186 

190 

376 

1.979 : 2.021 

±0.021 

±0.070 

S'-’i7-962 

317 


317 

All YY 


— 

S'-’i7-97i 

303 

106 

409 

2.963 : 1.037 

±0.037 

±0.058 


These various results will be clearly understood if three kinds of 
genetical constitution are assumed in the “Shozan,” namely, the “Shozan” 
used in No. 961 and No. 962 is ccYY and that of No. 969 is ccyy and 
that of No. 971 is ccYy. These results show that there are three kinds 
of WW even in a race which is supposed to be one. 

The results above mentioned may, on other points of view, be ex- 
plained by the rdation of activity between one character and its antagon- 
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istic character according to de Vries, or by the same genesis which 
causes the modification of genetic factors, which incidentally results in 
a change from homozygosis to heterozygosis as Emerson illustrated in 
vari^ted ears of maize. 

But we consider that these discussions treat rather of the origin of the 
gene F ; so we shall only lightly touch them. Here I will confine mysdf 
to the statement that the three distinctions in WW were in existence, 
though not discovered up to the present; further, that we can find no 
modification between ccYY and ccyy, and that there is no change from 
each of them to ccYy which was ascertained by crossing them with CCyy 
for six generations in succession. 

SUMMARY 

1. A new race in Bombyx mori which spins white cocoons notwith- 
standing the fact that its blood is yellow, was found by crossing inter se, 
to breed true to its type. 

2. The color of the liquid silk is quite in accordance with the color 
of the cocoon fibre, irrespective of blood color, and the gland proper is 
equally tinged with light yellow in the yellow-blooded silkworms, no 
matter whether their spun cocoon fibre be yellow or white. This dis- 
agreement of the blood color of the silkworms and that of cocoons re- 
quires necessarily and sufficiently two factors or genes, C and Y, to yield 
the yellow cocoons. 

3. The gene C is perceptible, whenever present, by making the blood 
yellow, while the other, Y, alone, is not perceptible. But it is necessary 
for the yellow determiner Y to exist with C to yield the yellow cocoons. 
This supposition has been fully sustained by the examination of the Fi, 
F2, F» and back crosses of the Fi hybrid with both of the pure parent 
breeds, in crosses between YW and YY, between YW and WW, and 
between YY and WW. 

4. Although there is no api^rent distinction in pure bred WW, they 
differ genetically with respect to the gene Y, assuming the three types 
ccYY, ccyy and ccYy. This fact has been fully demonstrated in a Chi- 
nese di-voltine white race called “Shozan” which had been bred true to 
WW since 1914. 

5. Two kinds of WW, namely, ccYY and ccyy, were found by cross- 
ii^ inter se to breed true to their types. No modification was found be- 
tween ccYY and ccyy and no change from either of them to ccYy, which 
was ascertained by crossing them Mth CCyy for six generations in suc- 
cession. 



BLOOD COLOI? AND COCOON COLOR IN SILKWORMS 415 

LITERATURE CITED 

Bateson, W., 1913 Menders principles of heredity, xiv+396 pp. Cambridge, Eng.: 
Cambridge University Press. 

CuiiNOT, L., 1902 La loi de Mendel et Fheredite de la pigmentation chez les souris. 
Arch. Z06I. exp. et gen. (Notes et revue) III, 10:27-. 

1903 L'h^edite de la pigmentation chez les souris (2^ note). Arch. Z06I. exp. 
et gen. (Notes et revue) IV, 1 : 33-* 

1904 L'heredite de la pigmentation chez les souris (3® note). Arch. Z06I. exp. 
et gen. (Notes et revue) IV, 2 : 4S-* 

1905 Les races pures et leurs combinaisons chez les souris (4^ note). Arch. 
Z06I. exp. et gen. (Notes et revue) IV, 3: 123-. 

1907 L'her^ite de la .pigmentation ches les souris (5© note). Arch. Z06I. exp. 
et gen. (Notes et revue) IV, 6:1-13. 

OE Vries, H., 1901 Die Mutationstheorie. Bd. I. xii+648 pp. Leipzig: Veit & Co. 
Emerson, R. A., 1912 The inheritance of certain forms of chlorophyll reduction in 
corn leaves. Annual Rep. Agric. Exp. Sta. Nebraska 26:89-105. 

1914 The inheritance of a recurring somatic variation in variegated ears of 
maize. Amer. Nat. 48:86-115. 

Gregory, R. P., 191 1 Experiment with Primula sinensis. Jour. Genetics 1 : 73-132. 
Hirazuka, E., 1916 Studies on the formation of natural silk thread. Bull. Imp. Serl- 
cult. Exp. Sta. 1 : 203-224. 

Ikeno, S., 1917 Variegation in Plantago. Genetics 2: 390-416. 

JOHANNSEN, W., 1913 Elementc der exakten Erblichkeitslehre mit Grundztigen der 
biologischen Variationsstatistik. Zweite Ausgabe. xi-l-724 pp. Jena: Gustav 
Fischer. 

Kellogg, V. L., 1908 Inheritance in silkworms. I. Leland Stanford Univ. Publ. No. i. 
89 pp. 

Little, C. C., 1914 “Dominant” and “recessive” spotting in mice. Amer. Nat. 48 : 74- 
82. 

Maude, L. C., 1918 First report on the inheritance of visible and invisible characters 
in silkworm. Proc. Z06I. Soc. London 1918:133-146. 

Miles, F. C., 1915 A genetic and cytological study of certain types of albinism in 
maize. Jour. Genetics 4 : 193-214. 

Nilsson-Ehle, H., 1913 Einige Beobachtungen fiber erbliche Variationen der Chloro- 
phylleigenschaft bei den Getreidearten. Zeitschr. ind. Abst. u. Vererb. 9 : 289- 
300. 

Shull, G. H., 1908 A new Mendelian ratio and several types of latency. Amer. Nat. 
42 : 433-451. 

1914 Duplicate genes for capsule-form in Bursa hursa-pastoris. Zeitschr. ind. 
Abst. u. Vererb. 12:97-149. 

Tanaka, Y., 1911 Studies on the anatomy and physiology of the silk-producing in- 
sects. I. On the structure of the silk glands and the silk formation in Bom” 
hyx mori. Jour. Coll. Agric. Tohoku Imp. Univ. 4 : 1-28. 

1913 A study of Mendelian factors in the silkworm, Bombyx mori. Jour. Coll. 
Agric. Tohoku Imp. Univ. 6:91-113. 

1916 Genetic studies on the silkworm. Jour. Coll. Agric. Tohoku Imp. Univ. 

7:129-255. 

Toyama, K., 1906 a Studies on the hybridology of insects. I. On some silkworm 
crosses with special ref erence" to Mendel’s law of heredity. Bull. Coll. Agric. 
Imp. Univ. Tokyo, 7:259-393. 


Genetics 4 : JS 1919 



4i6 HAJIME UDA 

1906 b Mendel’s law of heredity as applied to the silkworm crosses. Biol. Cen- 
tralbl. 26:321-334. 

1912 On the varying dominance of certain white breeds of the silkworm, Bom- 
byx mori L. Zeitschr. ind, Abst. n. Vererb. 7 : 252-288. 

Toyama, K., and Mori, S., X913 On the zygotic constitution of dominant and reces- 
sive white in the silkworm, Bombyx mori L, Zeitschr. ind. Abst u. Vererb, 
10 : 233-241. 

Whbldale, M., 1907 The inheritance of flower colour in Antirrhinum majus. Proc. 
Roy. Soc. London 76:288-305. 



A STUDY OF STERILITY IN THE PLUM^ 

M. J. DORSEY 

Agricultural Experiment Station of the University of MinnesotOj St. Paul, Minnesota 
[Received May 19, 1919] 

TABLE OF CONTENTS 

PAGE 

Introduction 418 

The status of self-sterility in the plum 418 

Materials and methods 421 

Pollen development in relation to sterility 421 

Normal pollen development 422 

The winter stages 422 

The anther wall 422 

The early pollen stages 423 

The heterotypic and homeotypic division 424 

The tapetum 425 

The tetrad wall 426 

The microspore wall 427 

The liberated microspore 429 

The mature pollen grain 430 

The pollen tube 431 

Aborted pollen or arrested development 433 

The types of aborted pollen 433 

Earliest evidence of pollen abortion 434 

The breaking up of pollen into globules 436 

Pistillody and petalody 437 

The extent of aborted pollen 439 

Pistil development in relation to sterility 442 

Pistil development 442 

Early stages 442 

The pistil at bloom 443 

The ripe seed 444 

The suppression of one ovule 445 

^Published, with the approval of the Director, as Paper No. 163 of the Journal 
Series of the Minnesota Agricultural Experiment Station. 

The writer is indebted to a number of persons for assistance in this investigation. 
I>r. C E. Allen of the University of Wisconsin, and Dr. Wm. Crocker of the Uni- 
versity of Chicago, read and criticised the manuscript. Dr. W. D. Valleau, Ernest 
Dorsey and James Gray assisted in fixing, staining and sectioning the material. Of 
my colleagues who have made suggestions in presentation, acknowledgment is hereby 
made to H. K. Hayes, Dr. C. O. Kosendahl, and) Dr, L. I. Knight. 


Genetics 4i 417 S 1919 



4i8 


M. J. DORSEY 

TABLE OF CONTENTS (continued) 


The dropping of pistils 446 

The first drop 446 

The second drop 449 

The cause of the second drop 451 

Third or “June drop” 454 

Seed development in the June drop 456 

Cause of the June drop 458 

The genetic phase of sterility in the plum 462 

The elimination of gametes 462 

The genetic relationship of varieties and species 465 

The type of sterility in the plum 471 

Summary 477 

Literature cited 481 


INTRODUCTION 

In a former publication on weather in relation to fruitfulness in the 
plum (Dorsey 1919) it was shown that during bloom weather condi- 
tions may be such as alone to prevent the setting of fruit. It was further 
emphasized that, aside from the total effect of weather, certain single 
factors of it, acting in the extreme, might be singled out as being respon- 
sible for the failure of fruit to set. Weather conditions were shown to 
have their most immediate influence on such processes as dehiscence, 
pollination and fertilization. These conclusions are further supported by 
the variation in the extent of the second drop from year to year which 
can in general be correlated with weather conditions at bloom. 

Aside from the influences affecting the functioning of the organs of re- 
production which can be assigned to interference from weather or from 
the environment, there are others having a direct bearing upon repro- 
duction, and hence upon fruitfulness, which appear to act within the germ 
plasm and are therefore inherent. An investigation of these influences 
forms the basis of this report. 

THE STATUS OF SELF-STERILITY IN THE PLUM 

Former investigators have dealt primarily with the economic phase of 
sterility. Tests have been made in Prunus americana, P. Besseyi, F. 
hortulana, P, nigra, andF. triflora, by Waugh (1896, 1897, 1898, 1899), 
Goff (1894 and 1901), Heideman (1895), Waite (1905), and others. 
These show that the cultivated varieties of native species, with two ex- 
ceptions, New Ulm (Heideman 1894) and Robinson (Waugh 1898), 
are self-sterile. A similar condition was found in some of the Sweet 
Cherries by Gardner (1913). Oh the other hand, the work of Back- 
house (1911 a, b), Peters (1916), and Sutton (1918), shows that in 
F. domestica only about one-half of the varieties are self-sterile^ 
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It should be stated here that self-pollination and self-sterility are used 
with reference to the clone. Self-pollination in botanical usage refers to 
the transfer of pollen from an anther to the pistil of the same flower. In 
horticultural usage self-pollination has a broader sense and includes the 
transfer of pollen from any flower borne by a variety to any pistil of the 
same variety. Likewise self -sterility refers to the clone rather than to 
the flower or individual plant. 

Since self-sterility has been found to be so prevalent, considerable in- 
terest centers around the reliability of the tests which have been made. 
Waugh (1898) discusses this phase of the subject in some detail and 
concludes that the method used, — ^that of covering the blossoms with 
paper bags or other material, — is reliable. His conclusions agree with 
those of Waite (1894) and Beach (1898, 1899). This point was con- 
sidered of sufficient importance to be checked further by different meth- 
ods on account of its commercial as well as its scientific bearing. The 
data obtained in this test are presented in table i. Bags were not used 
either on the trees grown in tubs in the greenhouse or on those tented in 
the orchard, so that any adverse influence the bags may have had in pre- 
vious tests was eliminated in these. Alderman (1917) in sterility 
studies in the apple, followed a similar method by covering the entire 
tree with muslin. 

It will be noted that P. americana, P. americana mollis, P. Besseyi, 
P. domestica, P. hortulana, P, nigra, and P. triflora are represented in 
this table. The results with the trees under the tent as well as with those 
in the greenhouse agree with those previously reported and show that 
self-sterility is the outstanding feature of all the varieties included in 
these tests and that it is constant in expression. Considering the num- 
bers under observation, the few exceptions found may be regarded as 
within the limits of experimental error, and it is even possible that some 
may have been self-fertilized, since, as will be shown later, pollen-tube 
growth takes place under these conditions. It appears safe to conclude 
therefore that the general condition in this genus has been correctly re- 
ported. 

Since self-sterility is so general in the plum, cross-pollination, except 
as noted in certain varieties of P. domestica, is essential to fruitfulness. 
This makes it necessary to give careful attention to the blossoming-dates 
of varieties used as pollenizers. Such a classification of varieties has 
been compiled by a number of workers: Waugh (1896, 1898, 1900); 
Goff (1901); Hedrick (1908), and others. In addition to planting 
pollenizers which bloom at the same time as the variety to be pollinated. 
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Table i 

Showing the degree of self -sterility in selected varieties and species tested in the\ 
greenhouse and tented in the orchard as a check to the 
method previously used. 



Condition of growth of 

No. of flow- 

TTo. of 

No. of 

Variety 

trees, in self-pollina- 

ers polli- 

fruits 

fruits 



tion tests 

nated 

set 

mature 

Burbank 

In greenhouse ' Entire tree 

6 

0 

w 

n 



I branch 

0 

0 

Compass 

II 

II 


Entire tree 

0 

0 

Minnesota No. 6^ 

It 

44 


I8S 

I 

0 

U it u 

ii 

“ 


24 

0 

0 

it u u 

u 

11 


I branch 

— 

I 

Minnesota No. 10^ 

it 

II 


I « 

0 

0 

“ “ 12^ 

4* 



49 
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0 

“ « 2 il 

11 

II 

1 1 branch 

0 

0 

“ “ 35* 

It 



84 

2 

0 

P, Besseyi 

It 

“ 


2 trees 

0 

0 

Surprise 

It 



Entire tree 

0 

0 

Yellow Egg 

14 

44 



10 

4 

Minnesota No. 8^ 

Tented 

in 

orchard, 1915 Entire tree 

0 

0 

** “ 21 

44 

44 

44 44 

11 II 

0 

0 

Sand Cherry X Apricot 

It 


44 44 

II It 

0 

0 

Wolfs 

44 


I. II 

It It 

0 

0 

Minnesota No. 9^ 

It 

44 

“ 1916 

44 44 

0 

0 

“ 12 

It 

II 

II «i 


0 

0 

« « 21 

It 


11 II 


0 

0 

Assiniboin 

It 

It 

“ 1917 


0 

0 

Minnesota No. 8 

It 


II II 

II II 

0 

0 

« « 21 

“ 

It 

11 It 

5-yr.-oId tree 

0 

0 

Compass 

It 

“ 

ti It 

Entire tree 

0 

0 

Etopa 

II 

II 

It It 

I branch 

0 

0 

P, amcricana 

.1 

it 

44 44 

4-yr.-old tree 

0 

0 

P, Besseyi, Tree No. i* 



44 44 

281 

I 

0 

« II II ^4 


“ 

ti tt 

263 

2 

— 




44 44 

176 

8 

— 

« « <1 ^4 

It 


44 44 

300 

I j 

— 

Wakapa 

II 

II 

44 44 

6-yr.-old tree 

0 

0 

Wohonka 

It 

II 

II II 

6-yr.-old tree 

0 

0 


^ Cross between Burbank and Wolf. 

2 Cross between Abundance and Wolf. 

8 Large percentage of pistils aborted. 

* The tents covering these trees blew off during a heavy rain on May 2ist. 

the effectiveness of the variety selected as a pollenizer, or the mutual 
'"affinity” with the variety to be pollinated, must be determined. Waugh 
(1899), Heideman (1895) and others have given this point some study. 
It is sufficient to state here that while there are differences in the effec- 
tiveness of pollenizers, inter-sterility has not been found to be extensive 
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in the varieties of the native species, although P, domestica cannot be 
pollinated successfully with the native varieties. From the economic 
standpoint, therefore, the essential facts in the control of sterility in 
orchard plantings as a means of avoiding crop failure are already well 
understood. 

It may be stated at this point that unfruitfulness is not considered 
herein from the standpoint of injury due to fungous diseases and insects. 

Since the prospect of a crop, so far as the setting of fruit is concerned, 
may be determined by inspection as early as the five- or six-week period 
after the time of bloom, it will be seen that the problem of sterility, 
while limited in point of time, covers that period in the life cycle when 
delicate sex structures must not only form but must function. Conse- 
quently greatest emphasis has been given to this period in order to de- 
termine what factors are operating in this genus, not only to bring 
about self-sterility so extensively, but also to reduce to such an extent 
the number of functional pistils found in some seasons. The successive 
main headings will indicate clearly the phases of the problem covered. 

♦ MATERIAL AND METHODS 

A representative list of varieties and hybrids has been available for 
this study. A part are growing in the experimental orchards at Uni- 
versity Farm and the remainder at the Fruit-Breeding Farm six miles 
west of Excelsior, Minnesota. In both orchards the trees are grown 
under clean cultivation. Attention has been given to the species as well 
as to the variety. Hedrick et al. (igno) have been taken as authority 
for the species of the different varieties except in a few of recent origin. 

In the cytological investigations the usual technique has been followed. 
As to the killing fluids, chromo-acetic and Flemming's medium were 
most used, Camoy’s fluid being a poor fixative for the plum. The triple 
stain and Heidenhain’s iron-alum-haematoxylin both proved to be excel- 
lent stains. Although the cytological phase of sterility is presented 
briefly, material was fixed and sectioned extensively. In all, over 2600 
preparations were made in covering the different stages in anther and 
pistil. 


POLLEN DEVELOPMENT IN RELATION TO STERILITY 

Since functional pollen bears such a vital relation to fruitfulness, a 
careful cytological study of pollen development in the plum has been 
made with the object of determining the general condition in this genus. 
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With a knowledge of the pollen condition in species, hybrids, and varie- 
ties at hand, the relation of pollen to self-sterility can be ascertained. 
Moreover, normal development will serve as a basis for comparison in 
determining type and extent of pollen abortion. 

Normal pollen development 

Pollen development was studied in detail in varieties representing P, 
americana, P. nigra, P. triflora, P, domestica, P. pennsylvanica, P. hortu- 
lana Mineri, and P. Besseyi, but since there was so little variation from 
the condition common to the higher plants only a very brief description 
of the earlier stages will be included here. The later stages, however, 
especially those beyond the point of pollen degeneration, will receive 
more detailed treatment. 

The winter stages 

In Virginia, Drinkard (1910) found that during December and 
January there was a slight development going on in the fruit bud of 
the plum. On January loth in Abundance the pollen mother-cells were 
in the resting stage. As early as February 12th, there was some indi- 
cation of division and by February 24th tetrads were being formed. 

In Minnesota pollen development is less advanced during the winter. 
In Surprise on December nth, development had progressed no farther 
than the archesporial-cell stage, and on March 23rd no further growth 
had taken place. By April 12th, the synaptic stage had been reached. 
Burbank and P. nigra on March 22nd were at the early archesporial-cell 
stage and it was not until April 6th that Burbank had formed pollen 
mother-cells which one week later were at synapsis. Material was fixed 
March 22nd, 1915, from varieties representing P. triflora, P. americana 
mollis, P. hortulana Mineri, and a number of hybrids between P. triflora 
and P. americana mollis, and in none had development advanced farther 
than the archesporial-cell stage. On the other hand, on January 13, 
1918, Amygdcdus Davidiana had pollen grains with two nuclei, but with 
scant cytoplasm. 


The anther wall 

During the early archesporial-cell stage of the winter months the 
central cells of the anther are somewhat larger than those of the outer 
three rows and differ from them primarily in having larger nuclei and 
more angular walls. The cells of the epidermal layer are small and 
have a staining reaction similar to the others. 

At the pollen mother-cell stage the anther walls are three to four cells 
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thick and noticeable elongation has taken place in the outer layer, while 
the three inner layers, particularly the innermost, are somewhat com- 
pressed. The cells of the outer layer take the orange, while the other 
layers, like the tapetum, have a greater affinity for the violet. The par- 
tition between the loculi of an anther is also three to four cells thick, 
and these cells as early as the open spireme stage are very much com- 
pressed and elongated. 

In the final growth stages, marked changes take place in the cells of 
the anther wall. The outer wall of the epidermal cells becomes thicker, 
and additional elongation takes place as the anther cavity increases in 
size. The cells of the hypodermal layer become much broader, but show 
the most marked change from the earlier stages in their greater length 
and in the presence of conspicuous ridges in the wall. This layer is the 
most prominent element of the mature anther wall and is bordered on 
the inner side by the collapsed and very much extended walls of the 
inner layers. The cell layers between the loculi, which have become 
very much compressed at the liberation of the microspore, disappear 
with the tapetum, — a change which throws the pollen of both loculi to- 
gether. The point of union of the partition between the loculi with the 
outer wall marks the place of dehiscence. In fact, at the time of the 
dissolution of the partition cells a part of the cells of the anther wall 
along the line of the suture is also dissolved. 

The early pollen stages 

The tissues of the anther at the pollen mother-cell stage have the 
characteristic differentiation and staining reaction. In cross section, the 
mother-cells are four to five cells deep and four or five times as long. 
The polyhedral walls about them are thin at first but become noticeably 
thicker previous to rounding up. The uninucleate tapetal cells are 
slightly larger than the mother-cells and stain more deeply with the blue. 

The chromatin in the winter stages of the archesporial cells is coarsely 
granular and the relative uniformity of the deeply staining masses in 
number and size is striking. The number of these bodies approximates 
that of the double number of chromosomes. 

The rather scant chromatin of the mother cells, however, in the early 
stages is finely granular and quite evenly distributed throughout the 
nucleus. Previous to the formation of the spireme thread, larger and 
more deeply staining masses are found. The spireme which enters 
synapsis is very slender, irregular in marginal outline but distinctly 
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granular. The synaptic mass is very tight and compact, being in many 
cases but little larger than the nucleolus near or about which it is typi- 
cally located. 

At the time the synaptic mass is unraveling, a few short loops appear 
first. These gradually lengthen and with further loosening others are 
formed so that the thread is soon spread throughout the nuclear area. 
While the plum is not suitable material in which to study the manner of 
pairing of the chromosomes, well fixed preparations of the spireme at 
critical formative stages show a condition which strongly favors the side- 
by-side pairing. 

During the open-spireme stage the chromatin thread increases in thick- 
ness and as diakinesis is approached becomes 'much looser and even more 
granular. Immediately following segmentation the chromosomes are 
very irregular in outline and in many cases the individuals of a pair 
lie distinctly apart. With further development, they gradually become 
more compact and at the end of this stage are found evenly distributed 
near the nuclear membrane. As the time of division is approached the 
chromosomes assume a homogeneous structure which completely ob- 
scures their double nature. 

The heterotypic and homoeotypic division 

Coincident with the appearance of the spindle fibers of the heterotypic 
division, the nuclear membrane becomes irregular in outline and the 
area of the nucleus much smaller. The multipolar spindle of the early 
preparatory changes forms a distinctly bipolar spindle at the metaphase. 
The chromosomes at the equatorial plate lie in slightly different planes 
in most of the preparations of this stage, and show some irregularity in 
the passage to the poles. The fibers of the spindle, particularly the 
intra-polar fibers, are very distinct. Following this division the chro- 
mosomes are drawn together at the poles in a close, compact mass. The 
heterotypic spindle gradually becomes less distinct as the nuclei of the 
dyad are formed. 

After reorganization, the dyad nuclei divide simultaneously. The 
spindle of this division is slightly smaller and narrower at the equatorial- 
plate stage than is that of the first division, and the chromosomes are 
smaller although distinct. The spindles sometimes lie in the same plane 
although typically they are in planes perpendicular to each other. The 
chromosome number determined in the plum is presented in table 2. 
Judging from the number of species represented, ten chromosomes as 
the reduced number is quite common in this genus. 
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Table 2 

Showing the number of chromosomes found in different forms 
of the plum. 


Variety 1 

Chromosome 

number 

Iron Clad (P. americana) 

10 

Minnesota No. 12 (P. triflora X P. americana mollis) 

10 

Opata (P. Besseyi y, (P. Munsoniana X P. tri flora)) 

Near 10 

P. pennsylvanica 

20 2;r 

Stella (P. americana X P. tri flora) 

10 

Stoddard (P. americana) 

10 

Surprise (P. hortulana M inert) 

20 2 X 

Wolf (P. americana mollis) 

20 2 X 

Wyant (P. americana) 

0 


From the above description it will be seen that pollen development 
proceeds through the heterotypic and homoeotypic divisions with every 
appearance of being normal. This condition obtains for the most part 
in the varieties of pure species as well as in extreme hybrid forms. De- 
generative processes which become so active later do not gain expression 
as early as this. 

The tapetum 

The tapetum in the plum shows no marked variation from its usual 
course of disintegration. Its cells have a single large nucleus which first 
divides about the time of the first division in the mother-cell. The most 
noticeable changes which take place in the tapetum previous to the liber- 
ation of the microspores are vacuolization and further division of its 
nuclei. In some anthers advanced degeneration takes place at the tetrad 
stage, at a time when the walls are still intact. Following the liberation 
of the microspores, the tapetum rapidly disappears. During the period 
of rapid anther enlargement, while its cells are yet intact, the tapetum 
is often withdrawn from the anther wall. Following this stage the 
tapetal cells are more or less separated and undergo the most rapid dis- 
integration. The walls about the tapetum persist much later than the 
mother-cell wall which disappears typically at the late tetrad stage. In 
the mature anther only occasional traces of tapetal cells or walls remain 
in the anther sap. The functioning of the tapetum and its disappearance 
from the anthers in which there is partial or complete pollen abortion 
are the same as in those bearing all normal grains. The tapetum in the 
plum, then, functions normally as nourishing cells and apparently has no 
bearing upon pollen degeneration. 
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The tetrad wall 

Tetrad formation marks the point at which the hereditary allotment 
to each nucleus has been made and also the beginning of an independent 
existence of each microspore. The reaction of the microspore to its en- 
vironment, both before and after liberation, therefore, is of particular 
interest from the standpoint of aborted pollen. 

The stages in the formation of the wall about the rounded mother-cell 
in the plum are very distinct and can be easily followed. The origin of 
this wall in other forms has been given some attention but its relation to 
the wall of the mother-cell has not always been indicated. According 
to the evidence at hand there appears to be two distinct methods of dis- 
posing of the mother-cell wall : (a) in one case, as in the lily (Allen 
1905) and the grape (Dorsey 1914), the original mother-cell wall dis- 
appears at the rounding-up stage; and (b) in the other, illustrated by 
the strawberry (Valleau 1918), the mother-cell wall remains intact 
after rounding-up has taken place. The plum belongs to the latter class 
and since these early stages precede the action of degenerative processes 
they will be presented in some detail. 

The angular walls between the early mother-cells have the appearance 
in section of thin lines. These take the orange heavily with the triple 
stain and with Heidenhain’s haematoxylin stain light or dark blue. At 
this time they are similar in thickness to the walls of the tapetum. At 
the time of the rounding up of the mother-cell the walls become notice- 
ably thicker than those between the tapetal cells, but the staining reaction 
is similar. 

The first evidence in the plum of a new wall about the rounding-up 
cytoplasm of the mother-cell is the separation of a thin layer from the 
inner surface of the old wall, ifirst at the cell angles and subsequently 
farther along the sides (plate 2, "i). In some sections the new wall, — 
which will hereafter be referred to as the tetrad wcdl as distinguished 
from the persistent mother-cell wall, — ^appears as a line and in others as 
a surface, according to the angle of view. Later stages show consider- 
able irregfularity in separation. At the cell angles and narrow ends of the 
cell, it is generally drawn away while yet in contact with the old wall 
along the longer sides. From the irregularity in separation, however, it 
should not be inferred that there is necessarily a similar irregularity in 
formation, since, where partly separated or even in contact with the old 
wall, its outline can generally be followed distinctly around the remainder 
of the cell periphery. Complete separation of the tetrad wall takes place 
in most cases previous to the heterotypic division. 



A STUDY OF STERILITY IN THE PLUM 


427 


The tetrad wall appears to be a derivative of the mother-cell wall in-, 
stead of the cytoplasm. This view is supported by the manner of sepa- 
ration as well as by the evidence from staining reaction. As noted above, 
in the young mother-cell the walls have the a]>i>earance in section of a 
thin line and later undergo slight thickening and stain heavily with the 
orange. Immediately after the separation of the tetrad wall, which stains 
a light orange, the mother-cell wall, which is again noticeably thinner 
than just previously, has a darker reaction to the orange. Furthermore, 
since the cyto])lasm rounds up first, the plasma membrane is very distinct 
and separated in places from the tetrad wall which, at this time, is gen- 
erally completely formed. 

The mother-cell wall, which remains after the formation of the tetrad 
wall, persists in many anthers as late as the lil>eration of the microspores. 
In others it disappears soon after the heterotypic division. The rapid 
increase in the size of the anther cavity brings about considerable elon- 
gation in the mother-cell wall which provides ample space for the tetrad. 
The ta[)etal cell walls disappear later than those of the mother-cell so it 
appears that different enzymes are acting, or if a single enzyme, that dis- 
solution is localized. 

The tetrad wall, which is thin and homogeneous when first separated, 
does not undergo any appreciable thickening until after the heterotypic 
division. Subsequent to this, particularly following the organization of 
the tetrad nuclei but coincident with wall formation between them, the 
tetrad wall increases rapidly in thickness. The maximum thickness of 
the outer wall is found when the walls between the microspores reach 
the greatest thickness, i.e., in the mature tetrad. 

Traces of cell plates appear l>etween the tetrad nuclei by the deposi- 
tion of material near the central point of the intra-polar spindle fibres. 
The staining reaction of this material is at first slightly darker than that 
of the thick tetrad wall and the tetrad nuclei also round up before the 
walls between them become thick. Further rounding of the spores is 
followed by a gradual entrance of the viscid tetrad-wall between them 
until each one is completely enveloped with the thick wall characteristic 
of this stage (plate 2, 2). The stages in the division of the cytoplasm 
between the microspore nuclei of the tetrad have been followed out in 
considerable detail and for the most part agree with the observations of 
Farr (1916, 1918). The question now enters as to what differences 
appear in the morphology of the tetrad as a result of the two types of 
mother-cell wall dissolution, i.e., a dissolution of the middle lamella at 
the time of tetrad-wall forpiation as in the grape, and dissolution subse- 
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quent to the heterotypic division, as in the plum and strawberry. 

In the grape, plum and strawberry, the outer wall between a mother- 
cell and a tapetal cell persists after rounding-up has taken place in the 
cytoplasm. In this position the tetrad wall has a similar origin in each 
and a careful study of these stages shows a similar structure and sepa- 
ration. In all three forms this wall, which is very thin at first and sub- 
sequently thickens, the interpretation appears justified that •it is homo- 
geneous throughout becjiuse the stains used did not show in either that 
the exterior is bordered by a thin wall or membrane. Such an interpreta- 
tion is in accord with the well known swelling of colloidal substances. 
The refractive power of the outer margin of the tetrad wall in the grape 
and plum is identical with the triple stain and is similar to that of the 
inner layer about the microspores. Furthermore, there is never a separa- 
tion of an outer wall or membrane from an inner thicker portion of the 
tetrad wall and during dissolution there is no appreciable persistence of 
either the outer or the inner surface over that of the middle portion. 
It is possible, however, that other staining methods may show differentia- 
tion in the tetrad wall not revealed so far by the technique used. It 
appears then that the differences in the time of dissolution of the mother- 
cell wall result in no striking morphological differences in the tetrad 
wall. In the grape, that remnant of the mother-cell wall, whether simply 
the middle lamella or more, which does not enter into the formation of 
the tetrad wall is dissolved immediately, while in the plum and straw- 
berry it persists for a time longer. In one case there appears to be an 
enzyme action which is either absent or delayed in the other. The origin 
of the tetrad wall, however, appears to be identical in each type. 

The microspore wall 

The microspore wall first appears in section as a very fine line between 
the jdasrna membrane and the thick tetrad wall (plate 2, 2). It is best 
seen where slight plasmolysis has occurred. Before the tetrad wall is 
dissolved the microspore wall becomes noticeably thicker. The sequence 
of events is such that the extended cross walls of the mother-cell, the 
tetrad walls, and the walls about the microspor^s can sometimes be seen 
in the same anther. The microspore wall is formed adjacent to the in- 
terior surface of the thick tetrad wall but outside of the plasma mem- 
brane. No evidence of it can be seen in the plum until after the tetrad 
wall has become thick between the microspores, but since the inner border 
of the tetrad wall about each nucleus at this stage stains slightly more 
heavily than previously the interpretation is that at least a part of the 
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heavier staining reaction is due to the changes taking place in micro- 
spore-wall formation. 


The liberated microspore 

Before the microspore is set free in the anther sap its nucleus is re- 
organized and in the resting stage. In many anthers the microspores of 
a tetrad remain in their usual position in relation to each other for some 
time after the dissolution of the tetrad wall. Breaking down of the 
persistent mother-cell wall generally precedes the dissolution of the 
tetrad wall although both may disappear at the same time. In the plum 
as in Fragaria (Valleau 1918) there is no appreciable increase in size 
in the microspores before liberation. The anther sap is clear and homo- 
geneous at the time of dissolution of the tetrad wall, and its staining 
reaction is not changed by the inclusion of the substance of the walls of 
the mother-cell and of the tetrad. 

The germ pore is formed in the plum microspore immediately after 
liberation from the tetrad, during the early stages of thickening and 
growth in the microspore wall, but before the time of rapid extension. 
The first evidence of the suture is a bending in of the previously spheri- 
cal covering forming three longitudinal grooves in the surface at places 
where the wall appears slightly thinner. During this stage the two dis- 
tinct elements of the wall can be for the first time definitely distinguished. 
At the germ pore the intine is continuous and the exine in cross-section 
is broken or discontinuous. Further thickening takes place primarily in 
the exine, which in the mature pollen grain constitutes the most con- 
spicuous part of the wall. There are three sutures and at the mid-point 
of each a germ pore. The germ pore is bordered by projecting, fimbri- 
ated outgrowths of the exine (plate 2, 3) which are considerably raised 
and are conspicuous in the mature pollen. These edges overlap, and in 
some varieties, as Wyant, the pore is closed by them. The germ pore is 
present in all forms included in this investigation, a condition which is 
very different from that in the grape in which it is absent in all pollen 
borne by reflexed stamens. 

Subsequent to the formation of the germ pore the microspore wall 
enters a period of rapid growth both in extension and thickness. This 
takes place much more rapidly than the growth of stainable cytoplasm, 
producing that appearance characteristic of this stage in which large 
vacuoles are formed. The stainable cytoplasm, with the nucleus, is lo- 
cated mostly toward one side. 
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The general relation of wall, vacuoles and cytoplasm is maintained 
until the division of the microspore nucleus, a condition which results in 
the division figure being located at one side in the rather narrow crescent- 
shaped cytoplasmic mass. So far as observed, the division figure is per- 
pendicular to the microspore wall, and the cell plate cuts off the typical 
small generative cell. Division is followed by a further increase in the 
size of the pollen grain in which there is a rapid growth of the stainable 
cytoplasm. 

The mature pollen grain 

The exine of the mature pollen grain is thick and its exterior is marked 
l)y prominent ridges and furrows (plate 2, 4). These are most con- 
spicuous in Primus mncricam^ and P. nigra; in other species, as P. inr- 
c/iniana, P. pcnusylvanica and P. Bcsseyi, the surface is only slightly 
furrowed although distinctly rough. The sutures are prominent and 
extend nearly the entire length of the grain. The protrusions al)out the 
pore also vary in development in the different si>ecies, some extending 
only slightly over the pore and some practically covering it. Tn some 
sections the two coats in the wall can be clearly distinguished by a dif- 
ference in staining, although they are very seldom separated except 
where cutting has been the cause. 

Soon after nuclear division in the microspore there is a rapid increase 
in the stainable cytoplasmic content so that at maturity the conspicuous 
vacuoles of the earlier stages disappear. At the time that the stainable 
cytoplasm completely fills the space within the wall of the pollen grain 
the microspore nuclei reach their maximum size (plate 2, 17). 

In the mature pollen grain the nuclei, particularly the generative nu- 
cleus, are characterized by their small size (plate 2, 8). This diminution 
in size is brought about by the withdrawal of nuclear sap, a process 
which first becomes evident by the irregular outline of the nucleax* mem- 
brane. The staining of the nuclei when thus contracted is clear and 
distinct and not diffuse. There appears to be a concentration of the 
chromatin into larger masses as contraction progresses from the more 
finely granulated condition found immediately after the telophases of the 
division (plate 2, 9). The lightly staining network, which connects the 
finely granular chromatin of the earlier stages, becomes less conspicuous 
at maturity. This is the normal condition in forms known to produce 
viable pollen. 

The generative cell as well as the generative nucleus decreases mark- 
edly in size as maturity is reached, as will be seen by comparing figures 
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5, 6, 7, 8, 9, and 10, of plate 2. In some sections the limiting membrane 
of the generative cell is so closely contracted about the nuclear membrane 
that the generative cell has the appearance of a nucleus (plate 2, 9 and 
10). It may be either round or lens-shai>ed, and while generally located 
near the center of the pollen grain close to the vegetative nucleus it is 
in some cases found at one side adjacent to the wall. Conspicuous fea- 
tures of the contracted generative nucleus at pollen maturity are the 
dense masses of chromatin, relatively few in number, and the extremely 
small nucleolus (plate 2, 8). The position of the generative cell in the 
cytoplasm is indei>endent of that of the germ pores. In Yellow Egg 
(P. domesHca) the generative cell is larger than in the American species, 
and at maturity the chromatin is more finely granular. In Wyant and 
Iron Clad, the generative cell is usually small when first cut off. 

Pollen is mature before the stigma, and owing to its maturity and the 
protection afforded by its thick wall and the anther wall it is more re- 
sistant to adverse weather than is the stigma. At about the time the 
petals are bursting the nuclei in plum pollen are entering upon the con- 
tracted stage, and because of the presence of the anther sap they remain 
turgid until the drying which accompanies dehiscence. When dry, in- 
stead of being spherical and turgid, they are oval in outline and have 
three deep folds lengthwise in the covering corresponding to the sutures. 
In some varieties pollen is readily removed l)y the wind when dry after 
dehiscence, and in others but little is blown away because of the adhesive 
action of a yellowish oily substance. 

The pollen tube 

Upon reaching a receptive stigma, both aborted and normal pollen 
grains soon become turgid and spherical. When the growth of the tube 
starts there is a slight l)ulging of the intine at the germ pore adjacent to 
the stigma, but the tube nucleus and generative cell still remain in their 
usual position. When the tube first emerges from the ix)re, the cytoplasm 
contained in it and that adjacent in the ix)llen grain stains more deeply 
than before germination. In some grains previous to germination the 
cytoplasm stains more heavily about the margin, near the plasma mem- 
brane. The chromatin in both nuclei at this time is finely granular and 
more homogeneous than before in its staining reaction. The tube is 
large and conspicuous when first formed and becomes noticeably more 
slender as it advances into the stylar tissue, and both the tube nucleus 
and the generative cell, as well as the larger portion of the cytoplasm. 
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enter it by the time its length is three to four times the diameter of the 
pollen grain. In the micropyle, after having passed through the tissue 
of the style, the tube again becomes thicker. Moore (1917) notes this 
difference in diameter and attributes it to food supply. It appears, how- 
ever, to be due more largely to the stage of growth. Since the move- 
ment of the generative cell in the tube can be easily followed, division 
must take place there, although in the numerous sections of the tube at 
this stage no division figures have been found. In fact in sections of 
tubes in the micropyle (plate 2, ii) the generative cell can be found 
still undivided so that it is probable that $ gametes are formed late in 
the period of tube growth. 

After the tube has extended as far as one-half of the length of the 
style its cytoplasm becomes vacuolated and the nuclei are very incon- 
spicuous. Partitions are formed in the tube, although they are not 
easily found because they do not stain with Heidenhain’s haematoxylin 
or with Flemming’s triple stain. Partitions were also found by Oster- 
WALDER (1910) in the pollen tube of the pear and by Knight (1917) 
in the apple, but stains were used by the latter which makes a study of 
this feature much easier than the stains used in this investigation. As 
the tube advances in the style the cytoplasm is located well toward the 
growing tip and the empty walls of the tube left behind can be found in 
the stylar tissue, in many instances still leading to the empty pollen 
coverings. 

Aborted pollen never develops tubes. Empty coverings of grains 
which have developed tubes in sections of the stigma are readily dis- 
tinguished from aborted grains by their slightly larger size, the broken 
intine or remnant of the tube, and the absence of cytoplasm. In all of 
the preparations of receptive stigmas many normal-appearing grains do 
not germinate and from many others only short tubes are formed (plate 
5, L and M) ; yet these are under conditions where others grow nor- 
mally. This condition prevails in controlled crosses as well as in cases of 
controlled self-pollination where all pollen is known to have been ap- 
plied at the same time. In the style the tubes become fewer in number 
toward the base while immediately beneath the stigmatic surface there 
are in many cases a multitude of short tubes, which in length grade grad- 
ually into the longer ones. The great extremes in the rate of growth 
shown by the tubes from different grains in the same style account for 
the small number found at the micropyle in the later stages. Later more 
attention will be given to the significance of the series presented here. 
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From the foregoing it will be seen that normal pollen development is 
the typical condition in the plum. Self-sterility and cross-sterility, which 
are so general, are not due to degenerate pollen except in those forms 
where pollen abortion is complete. From plate 5, L, it will be seen that 
there is tube growth when the plum is self-pollinated, so it may be defi- 
nitely stated that self-sterility is caused l)y other factors which operate 
subsequent to tube formation. At this point interest centers around the 
extent to which aborted pollen modifies the typical pollen condition in 
the plum. 


Aborted pollen or arrested devclopfnent 
The types of aborted pollen 

In Prunus, as in Vitis (Dorsey 1914) and Fragaria (Valleau iQfS), 
the range in the time of pollen abortion extends from liberation from 
the tetrad to maturity, h'rom selected grains taken in order of arrested 
development a complete series can be constructed. In fact, such a series 
can often be found in a single anther (plate 3, A, C, H, I). However, 
by far the larger number alx)rt before division of the microspore nucleus. 
Since the one-nucleate grains may persist as late as the time of maturity 
of normal grains abortion takes the form of a delay rather than of 
disintegration. 

A study of the late tetrad, at the time of wall dissolution, in which 
the microspores are still in position, shows typically an even development. 
Size differences between the microspores become conspicuous after fur- 
ther growth. In cases of early cytoplasmic abortion in grains no larger 
than one-half of the mature diameter, the wall undergoes partial or 
even nearly complete thickening. In others often of greater size, there 
is less thickening of the exine. The germ pore, however, is formed in 
all cases where development is carried beyond the normal time of its 
formation. In general, since there may be wall thickening and enlarge- 
ment accompanying early cytoplasmic abortion, there does not appear to 
be an intimate interdependence between wall and cytoplasm although 
nearly complete wall-thickening is always found in cases in which abor- 
tion occurs at a late stage. Tischler (1908) has regarded wall forma- 
tion in pollen as being more or less independent of normal cytoplasmic 
development. This interpretation would appear justified in view of the 
condition found in pollen before dehiscence, in which some aborted 
grains are nearly devoid of stainable cytoplasm and in others only the 
broken down remnants of the nucleus and cytoplasm remain. The fact 
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however, that thickening in the wall takes place so early in growth, be- 
fore degenerative processes are complete suggests that wall thickening 
is dependent upon cytoplasmic growth. This view is further supported 
by the thin walls found in those few grains in which abortion occurs 
before wall thickening. 

Considering now the condition of the chromatin in the aborted series, 
those grains in which abortion occurs at the earliest stages show but 
little if any increase in amount in the stainable cytoplasm over that re- 
ceived from the mother-cell. In such cases the chromatin still persists in 
large masses, a condition which suggests only partial reorganization. 
The nuclear membrane in such cases may be either compressed and ir- 
regular in outline or very much extended. The cytoplasm has different 
reactions to stains, in some instances being finely granular and flocculent 
and in others dense and more homogeneous. In general those grains 
which have developed no farther than the one-nucleate stage are char- 
acterized by their small size, scant cytoplasm, large vacuole, irregular 
nuclear membrane, and large chromatin masses. Yet in these there are 
generally thick walls and normal-appearing germ i>ores. 

Where development is carried as far as the division of the microspore 
nucleus, there is in most cases considerable addition to the cytoplasm, 
but the nuclei show a similar condition to that above described for the 
single nucleus in that there is a suggestion of arrested reorganization as 
shown by the condition of the chromatin. The cytoplasm may still show 
a large vacuole or the stainable cytoplasm may fill up the entire grain, in 
the latter case the staining reaction is lighter (plate 3, J, K ). This con- 
dition in the cytoplasm indicates abortion at later stages, in which cases 
the nuclei may appear more normal and may even enter the contracted 
stage. It is probable that the latest cases of abortion cannot be detected 
by the appearance in stained sections but are shown by the inability of 
the grain to send out lubes. It has been stated in the discussion on pollen 
development that on the stigma some apparently normal grains do not 
send out tubes. It is conceivable that in these grains which do not de- 
velop tubes the end of the aborted series is to be found. 

Since the development of pollen is so typically normal up to the time 
of liberation of the microspore, it now becomes important to determine 
whether the other elements of the anther show a normal growth, espe- 
cially in anthers where there is a large percentage or even total pollen 
abortion. A careful study of anther development in a large number of 
forms shows that the anthers imdergo the usual differentiation even 
when the pollen they bear is completely aborted. The exceptions to 
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this are found where there is complete abortion early in development, in 
which case there is often an unusual ingrowth of the endothecium. Even 
in these cases the mature anther is filled with sap and the tetrad wall 
and tapetum completely disapi>ear. 

The general development of the different elements of the anther and 
especially a normal sequence of development in anthers where only a 
part of the pollen is aborted would appear to eliminate any influence from 
this source as a factor in pollen abortion. The abortion of some grains 
in the same substratum in which others not only develop normally but 
function normally indicates differences between the grains rather than 
localized influences from the anther. 

In view of the condition in the anther, where there is approximately 
a normal development independent of the pollen condition, it is of inter- 
est to find the microspore wall undergoing a more or less independent 
development. It will be seen therefore that so far as the 2x tissue is 
concerned abnormalities which might later influence pollen development 
do not enter and that abortion begins with the ix condition. 

Earliest evidence of pollen abortion 

It has been emphasized that typically abortion does not become evi- 
dent until after microspore liberation. However, certain apparent ex- 
ceptions to this in an extreme hybrid condition have been found. In a 
cross between P. Besseyi and P. armenica the stages of the heterotypic 
and homoeotypic division have been studied in detail and there are indi- 
cations in some of the mother-cells of irregularities in chromatin distri- 
bution, which indicate that processes resulting in abortion begin earlier 
in some cases than liberation, which in the less radical crosses is the 
typical condition. In this cross 87 percent of the pollen is aborted 
(table 4). 

The earliest indication of arrested development found is in the dyad 
stage '(plate 2, 12) although at the heterotypic division single chromo- 
somes sometimes lie far to one side of the plate and at the early metaphase 
they are even more scattered (plate 2, 13). This scattered condition of 
the chromosomes is suggestive, especially in view of the condition at later 
stages. In a number of the dyads the chromosomes of one nucleus were 
at late metaphase at the time of complete reorganization of the sister 
nucleus. In other mother-cells of this cross at the tetrad stage, the con- 
spicuous rings or circles in the cytoplasm (plate 2, 14) which resemble 
small nuclei in some instances, particularly after the heterotypic division, 
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also indicates an unbalanced condition following the reduction divisions. 
As many as thirteen of these rings have been counted in a singjle tetrad. 
Some of the darker-staining bodies in the cytoplasm have every appear- 
ance of being chromosomes which have not entered into nuclear reorgani- 
zation. That the rings, or in some instances spheres, which appear so 
conspicuous in the cytoplasm (plate 2, 15, 16) are connected with chro- 
matin distribution and are evidences of early degeneration is supported 
by the extreme condition found in such tetrads as that shown in figure 
16, plate 2. In the tetrad illustrated here no nuclei have been formed 
and the rings and dark-staining bodies are conspicuous features in the 
cytoplasm*. Two of the spherical masses may in fact be interpreted as 
nucleoli. 

Following the heterotypic division some abnormalities are found in 
nuclear reorganization. The variations found at this time include the 
formation of as many as three nuclei (plate 2, 18) in the place of one, 
or rarely, the organization of one large and one small nucleus in .a single 
microspore. Sometimes an unusually large nucleus is formed somewhat 
in advance of the others. Following the liberation from the tetrad wall, 
the unusually small microspores sometimes found (plate 2, 19) api>ear 
to complete the series of variations from the condition found in most of 
the other forms. While stages earlier than these — from .diakinesis 
through to the end of the heterotypic division — have been studied, there 
are no outstanding conditions which would justify placing the beginning 
of degeneration earlier than the period of reorganization of the dyad 
nuclei — and degeneration at this stage is extremely rare. 

Evidence of irregular chromatin distribution in the division of the 
mother-cells in hybrids has been reported by Juel (1900), Tischler 
(1908), Rosenberg (1909), Levine (1916) and others. This condi- 
tion is of interest here primarily in that it does not result in a type of 
jiollen abortion different from those more nearly normal cases where it 
has not been found. It appears, however, that the condition found at 
nuclear reorganization following the heterotypic division justifies the 
conclusion that degeneration processes may begin earlier in the plum than 
in Vitis or Fragaria. 

The breaking up of pollen into globules 

In addition to the processes resulting in the aborted-pollen series, there 
enters another process which dissolves pollen. This dissolution of pol- 
len results in the production of a yellowish oily mass, which makes the 
pollen of some varieties sticky and therefore less easily blown away by 
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wind. This condition is of wide occurrence in the plum, particularly 
where a large percentage of the pollen is aborted. All stages in the for- 
mation of this yellowish substance have been studied and it is found 
that the substance is made up primarily from pollen although the tapetum 
may also enter into its formation. 

In the process of dissolution the pollen walls are first affected. Some 
stages in cross-section show a beaded condition of the wall, a bead or 
globule being formed at each ridge in the exine. In the final stages the 
wall may be intact, yet completely composed of small globules which 
gradually merge into larger ones. The small globules of the earlier 
stages are formed from a relatively thin wall which determines their 
diameter (plate 3, E). Before the exine breaks up into globules a thick 
homogeneous band similar in appearance to the tetrad wall is sometimes 
formed about the cytoplasm. Whether or not this is due to a thickening 
of the intine could not be determined. At the time of breaking down of 
the exine into globules, the cytoplasm shows a more diffused staining 
reaction. Later stages show some globules as large as the mature pollen 
grain which may further merge into even larger masses, but the final 
stages usually show a number of smaller globules yet separate (plate 3, 
D). The tapetum sometimes is affected in the same way as the pollen 
although it usually functions normally. This dissolution process is gen- 
eral in the loculus although it more commonly affects aborted pollen. 
It is found in some cases to affect grains with apparently normal nuclei 
and occurs in pure forms as well as in hybrids. This dissolution process, 
however, does not necessarily take place, but when it does it is found to 
occur most frequently near the time of maturity rather than at an earlier 
stage in development. There is also considerable variation in the extent 
of dissolution in the anthers of a single flower. Since it does not always 
take place even in aborted pollen, dissolution does not necessarily appear 
to be the final process in abortion but rather a supplementary process — 
undoubtedly enzymatic in nature. 

Pistillody and petalody 

So far pollen abortion has been discussed aside from the occurrence 
of any metamorphosis in the anther. There is a wide-spread tendency 
in the plum for stamens to change into petals on the one hand and into 
pistils on the other. These abnormal types, including acalycine flowers, 
have been noted previously by Waugh (1896, 1900) and others. In 
the course of metamorphism into these organs an elaborate series of in- 
termediate forms occurs. 
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In pistillody (plate 4, C, D) particularly, the usual ontogeny of stamen 
development is upset to such an extent that the following series can be 
constructed showing the variation in the degree of development of dif- 
ferent organs: (a) The nucellar tissue is developed normally in some 
pistilloids, and not at all in others; (b) the integuments vary from an 
entire enclosure of the nucellus to complete absence; (c) the position of 
the ovules in the pistilloids ranges from a terminal position near the 
anther to a basal position; (d) there are all degrees of enclosure of the 
ovules by the carpel wall; (e) there are all degrees of stigma and style 
development; (f) there are all stages in embryo-sac growth up to nor- 
mal embryo-sac development; and finally (g) in anther suppression there 
is a great variety of odd outgrowths of stigma and anther tissue termi- 
nating the filament-like style. Some of these stigmas become receptive 
and in some the ovules swell. However, it is important to note that 
pistilloids are borne in the position of stamens, and hence on account of 
the abscission of the calyx tube do not persist long enough for fertiliza- 
tion to occur or for the style to be cut off. Even the extreme meta- 
morphosis into an apparently normal pistil does not prevent the shedding 
of the calyx tube at the usual time or interfere with the usual functioning 
of the central or normal pistil. 

Petalody like pistillody also occurs frequently, and all stages of meta- 
morphosis of an anther into a petal are found (plate 4, A, B). The 
yellow anther tissue assumes various shapes and sizes as the transition 
to the white tissue of the petal becomes complete. Yellowish borders of 
anther tissue generally develop in the narrower petaloids. The tissue of 
the filament is very similar in external api>earance to that of the petal 
and as with the style, the lateral wing-like appendages lead up to the 
broadened end which may be part anther and part petal. The most com- 
mon type of anther bearing the white tissue of the petal is shown in 
plate 4, A, in which the end is pointed and white. There is little relation 
between the broadening of the petaloid and the suppression of anther 
tissue, since the latter may be absent on either narrow or broad petaloids. 
However, transformation has not gone so far in the case of the petaloids 
as to form an abscission layer at the base as in the petal, and all petaloids 
which were observed were found to be shed, like stamens, with the calyx 
rather than with the petals. 

Sections through petaloids taken from flowers at full bloom show a 
variety of unusual shapes in the loculi. Some are long and narrow, 
others wide with irregular outlines; still others are lobed or branched, 
tapering in some to long points, which are devoid of any trace of re- 
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productive tissue other than an occasional collapsed mass of cell walls. 
Petaloids also show great differences in the extent of pollen development ; 
in the opposite end of a loculus bearing nonnal grains, pollen develop- 
ment may have been stopped as early as at the stage of the liberated 
microspore. 

In pistillody and petalody three things are outstanding: (a) in the 
most extreme instances of metamorphosis the manner of abscission of 
petaloid or pistilloid is the same as that of the normal stamen, viz., with 
the calyx tube: (b) these metamorphic changes may result in- complete 
abortion; and (c) they have not introduced a new type of abortion from 
that found where anther changes in these two directions are not taking 
idace. 

An explanation of the phenomena shown in these changes is not easy. 
The departure from normal growth takes place in somatic tissue first, 
and if growth is carried far enough, normal-appearing jx^llen and em- 
bryo sacs are produced. This would lead to the inference that the fac- 
tors upsetting normal development are sporophytic. Something of the 
nature and extent of the changes which take place when ]>etalody reaches 
the double-flowered commercial types is shown by its inheritance, as in 
stocks in which doubleness is dominant to singleness. It is probable that 
some of the pistilloids would actually set fruit if they were not cut off 
so early by the dropping of the calyx-tube. There does not appear to be 
any great difference, except in position, betw^een pistilloids borne in the 
position of stamens and accessory pistils borne about the primary central 
one. In those cases in which more than one pistil has been found, pistil- 
loids are not necessarily formed. In fact, in a i>each hybrid which bears 
occasionally as many as five pistils and frequently three, the conspicuous 
feature of the flower is its doubleness. But doubleness in some of the 
ornamental flowering varieties of Primus does not interfere with the 
growth of a normal pistil. So, while pistillody and petalody take on 
various strange forms in this genus, they appear to be due to forces 
which do not materially modify the aborted pollen types or interfere 
markedly with the production of a normal pistil, even though many other 
pistils may be produced in varying degrees. 

The extent of aborted pollen 

The extent of pollen abortion in selected forms has been determined 
partly from mounts in lactic acid and partly from stained preparations. 
The results are presented in tables 3 and 4. 

In table 3 the individuals of two crosses between P. triflora and P, 
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americana moUis are classified according to the percentage of aborted 
pollen found. It will be noted that two varieties of P. triflora, — Abun- 
dance and Burbank, — have been used as the pistillate parent. In deter- 
mining' the extent of abortion in these hybrids an average of 425 grains 
was counted in each individual in the Abundance X Wolf crosses and 
730 in each of Burbank X Wolf crosses. The percentages based upon 
such large numbers undoubtedly represent the pollen condition fairly ac- 


Table 3 

The aborted pollen tn the F, individuals of the interspecific cross, Prunus triflora 
(Abundance and Burbank) X P- americana mollis (IVolf). 



! Number 
of 

trees 

1 

Percentage of aborted pollen in the Fj plants 

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 8o 85 

Abundance X Wolf.. 

34 

23494 5 2121 I 

Burbank X Wolf.... 

23 

41312331 2 I I I 


curately. In Burbank 32 grains were aborted in 1003 and in Wolf 52 
in 226 (table 4), the condition not being determined in Abundance. It 
will be seen that aborted pollen is present in large quantities in the 
progeny of each cross, and also that there is a slightly greater range in 
the abortion in the Burbank crosses. 

From table 4 it is apparent that extreme hybrids in the genus Prunus 
are unable to complete the development of large proportions of pollen — 
a condition which also obtains in monospecific varieties and forms gen- 
erally regarded as pure species. In fact, the degree of pollen abortion 
may lead to a question of the purity of some of the so-called pure forms 
included in the list. There is some variation shown in the amount of de- 
fective pollen between individual trees of a clone; this point, however, 
was not checked extensively. 

The general pollen condition of the forms listed as pure species con- 
trasted with that of the hybrids is shown in table 5, in which each form 
is classified according to the percentage of pollen aborted. In this way 
the greater amount of defective pollen in the hybrids is emphasized. 

The pollen condition in the plum may be briefly summarized as fol- 
lows : Abortion occurs for the most part between the time of liberation 
of the microspore from the tetrad and maturity — in other words during 
the gametophyte generation. The fact that anther development is nor- 
mal even when there is a larger percentage of, or complete, pollen abor- 
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Table 4 

The pollen condition in certain species and selected varieties of Prunus in which a 
number of interspecific crosses are included. 


Variety 

Total 

number 

Number 

normal 

Number 

aborted 

Percent 

aborted 

Aitkin {Prunus nigra) 

214 

167 

47 

22.0 

Amygdalus nana X P* persica 

327 

51 

276 

844 

Blush (P. americana) 

216 

190 

26 

12.0 

Burbank (P. triflora) 

1003 

971 

32 

3.2 

Cheney (P. nigra) 

220 

lOI 

119 1 

54.1 

Compass (P. Bcsseyi X P- hortulcMia Mincn) 

214 

121 

93 

43-5 

tt it « 

— 

— 

— 

100.0 

<< (( <( 

211 

90 

121 

57.3 

De Soto (P. americana) 

226 

209 

17 

7.5 

Etopa (P. Besseyi X P. triflora) 1 

200 

152 

48 

24.0 

C( 1C cc 

207 

182 

25 

I 2 .I 

Ironclad (P. americana) 

211 

181 

30 

14.2 

** “ 

257 

235 

22 

8.6 

« cc 

232 

209 

23 

9.9 

Loring (P. tri flora X P. americana ?) 

— 

— 

— 

26.0 

Manitoba (P. nigra) 

214 

183 

31 

14.S 

Ocheeda (P. americana) 

315 

295 

20 

6.3 

cc cc 

Opata (P. Bcsseyi X (P. Munsoniam X P- 

372 

265 

107 

28.8 

triflora)) (plate 3, B, F) 

200 

40 

160 

80.0 

P. americana (wild) 

302 

237 

65 

21.5 

** “ 

228 

195 

33 

14.5 

“ “ 

214 

185 

29 

14.0 

P, angustifolia 

226 

185 

41 

i8.i 

P. Besseyi 

211 

185 

26 

12.3 

P. Besseyi X P- americana 

353 

128 

225 

63.7 

P. Bcsseyi X P* armenica 

225 

28 

197 

87.6 

cc cc 

209 

37 

172 

82.3 

X P. Simoni 

211 

137 

74 

35.1 

P. 

237 

180 

57 

24.1 

cc 

206 

128 

78 

37.9 

cc 

222 

214 

8 

3.6 

P. pcnnsylvanica 

436 

321 

115 

26.4 

P. virginiana (plate 3, L) 

233 

198 

35 

ISO 

“ 

273 

253 

20 

7.3 

Rollingstone (P. americana) 

392 

254 

38 

9.7 

Sapa (P. Besseyi X P. tri flora) 

355 

206 

149 

42.0 

Surprise (P. hortulana Mineri) 

309 

204 

105 

34.0 

cc cc 

200 

186 

14 

70 

Wolf (P, americana mollis) 

226 

174 

52 

23.0 

Wyant (P. americana) 

248 

207 

41 

16.5 

cc cc 

187 

153 

34 

18.2 

Yellow Egg (P. domestica) 

510 

1 494 

16 

3.1 
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Table 5 

A classification of the hybrids and pure forms listed in table 4 on the basis of the 

percentage of aborted pollen. 



Percentage of aborted pollen 

5 10 IS 20 25 30 35 40 45 50 55 f)0 65 70 75 80 85 90 95 100 

Hybrids 

Pure forms 

11 221111 211 I 

656431 I I 


tion, tends to eliminate conditions in the anther as a constant factor in 
abortion. In extreme hybrid forms there is evidence of pollen disinte- 
gration as early as the dyad stage. The breaking down of pollen into 
yellowish globules appears to be a supplementary enzymatic process sepa- 
rate and distinct from true abortion, since it does not always occur and 
sometimes affects mature grains which have every appearance o^* being 
normal. A new type of aborted pollen is not intrcjduced by pistillody 
and petalody. Neither have these metamorphic processes been found to 
affect the normal method of stamen dehiscence. Aborted pollen occurs 
in the plum in considerable quantities, even in many so-called pure 
species, but is not sufficient in these, considering self- or cross-pollina- 
tion, except in a few extreme cases of complete abortion, to be of itself 
a prohibitive factor in the setting of fruit. However, in view of the 
extreme hybrid condition of many varieties, aborted pollen in them be- 
comes of greater importance. The abortion of pollen during the haploid 
stage appears to point to a state or condition in the germplasm of the 
gametophyte as the cause of abortion. 

PISTIL DEVELOPMENT IN KELATION TO STERILITY 

In the section on pollen development it was shown that self-sterility 
and cross-sterility as well, are of the tyi>e generally referred to as in- 
compatible and are not necessarily due to defective pollen except in ex- 
treme cases of complete abortion. It now remains to determine the fac- 
tors in pistil development which enter into the general question of ster- 
ility. As in the case of the pollen, the course of normal development 
will be presented first. 


Pistil development 
Early stages 

The degree of development of the pistil in late winter is shown in 
figure 20, plate 2. There is as yet no protrusion of the growing-point 
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from which the ovule will develop. It will be seen that the carpel cavity 
is formed by the folding together of two margins which do not unite 
until considerable growth has taken place. The point of union forms the 
suture which is clearly distinguishable either at bloom or at maturity. 
The two ovules are borne on a parietal placenta close to but on either 
side of the suture. The stigmatic cells at this time appear no different 
from the other cells of the epidermis. The pistil, then, in the winter bud 
is rudimentary and its special structures are not formed until the early 
spring growth. 


The pistil at bloom 

In the treatment of weather in relation to fruitfulness (Dorsey 1919) 
the principal factors affecting receptiveness, namely, the stigmatic sur- 
face and the abscission of the style were discussed. These will not be 
dealt with further here, since, in the light of the evidence to be presented 
later, on the failure of so many pistils to set fruit, interest centers pri- 
marily about development in the ovule. 

In the course of this investigation sections have been made of pistils 
at various stages of growth from a large number of different varieties 
and species. While some of the variations found in Primus species have 
not been noted by Pecttoutre (1902), his studies of pistil development 
in the Rosaceae in general and particularly in Primus have been so thor- 
ough and are presented in such detail that further treatment in this con- 
nection would be largely repetition. The following- discussion of the 
mature pistil has been carefully checked with that of Pecttoutre in 
species available in this investigation. 

At the time the flowers open, the embryo .sac may contain from one to 
eight nuclei, although generally there are but two or four. The embryo 
sac increases in size but little before fertilization. The nucellus is made 
up of large, thin-walled cells with a ‘‘cap^’ of smaller, thicker-walled cells 
at the apex. The two integuments are concrescent at the chalaza but 
otherwise separate throughout their length. The outer integument is five 
cell layers in thickness and epidermal in origin; the inner is three cells 
thick and sub-epidermal in origin (Pechoutre 1902). The distal ends 
of the integuments, especially of the outer, make a very irregular growth 
and push well up into the narrow end of the carpel (plate 2, 21 ; and 
plate 5, B). This extension of the integuments forms a large canal or 
channel through which the growth of the pollen tube is tortuous. Tubes 
frequently miss the opening to this channel and grow downward in the 
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cavity of the ovary but none has been found to enter the chalaza. At 
the distal end of the carpel cavity there is an irregular ingrowth of 
tissue — called the ‘"obturator” by Pechoutre — which partly projects 
over the micopyle (plate 2, 21, a). The anatropous ovules gradually 
assume an upright position and at the time of fertilization are borne up- 
right on a parietal placenta. 

In external appearance pistils vary in many features. In Prunus do- 
mestica the style is much thicker and much more pubescent than in P. 
afnericana, and the characteristic green color is partly obscured by a 
purplish pigment in P. PissardL The suture also is deeper and more 
distinct in some varieties than in others. In all species studied, however, 
the cells of the central core in the style have much denser cytoplasm than 
have the cells of the surrounding tissue (plate 5, L, a), and no tube 
growth has been found outside toward the epidermis. The tubes pass 
between cells by dissolving the middle lamella, since, with the exception 
of a few cases in the suture for short distances below the stigma there 
is no canal in the style of the plum. At the first the course of the tube 
is very tortuous, but farther down the style it is more direct, the tube is 
narrower, and its stainable portion is longer. Vacuoles soon appear in 
the cytoplasm of the cells of the central core near the tubes; and later, 
before abscission all cells of the central core are more or less vacuolized. 
The point of abscission is much higher in some species than in others — 
in fact “pointed” plums are generally characterized by the persistence of 
a stub of the style. 


The ripe seed 

After fertilization there is great variation in the degree of development 
in the embryos in different pistils but there is a very rai)id extension of 
the embryo sac into the canal. Coincident with embryo-sac extension 
there is rapid growth in the endosperm whose free nuclei f(^rm a thin 
jacket one cell layer thick around the inner surface of the embryo sac. 
Walls do not form between the nuclei of the endosperm for some time 
after the complete extension of the embryo sac to the chalaza. As the 
embryo sac enlarges, a conspicuous channel ivS formed in the nucellus, 
which is completely absorbed during the period of rapid endosperm 
growth. In many sections the nucellus is broken down considerably in 
advance of the embryo sac. After the endosperm is formed, it, like the 
nucellus, is largely absorbed and gives way very rapidly to the growing 
cotyledons. The endosperm, however, is never completely absorbed in 
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this genus and can still be found in the ripe seed in irregular patches be- 
tween the cotyledons and the seed coat, to which latter it is always joined 
and of which it may be considered to form a part (plate 2, 22, a). This 
condition led Pechoutre to suggest that the Rosaceae arose from plants 
with seed albumen. 

The “pit’’ in the plum (plate 2, 22, b) is formed by the laying down 
of stony tissue about the inner border of the carpel. The ovary wall 
thickens to form the fleshy edible portion of the ripe fruit. Hardening 
in the stone cells does not take place until the normal size of the pit is 
reached. Since typically only one embryo is matured in each pit, it re- 
mains to be seen what disposal is made of the other one which is always 
found in the early stages. 

The suppression of one ovule 

During the earliest stages of floral development no differences are evi- 
dent in the two growing points on the placenta. At bloom there may 
still be an even development of the two ovules (plate 5, A) and rarely 
two embryos may develop to maturity (plate 4, H) in the same “pit.” 
Such development, however, is not the typical condition and while abor- 
tion is found at all stages between the megaspore mother-cell and ma- 
turity, in most varieties one ovule shows an arrested development pre- 
vious to fertilization. After fertilization the smaller ovule is quickly 
surpassed by the other and in the mature seed only the brown remnants 
of the integuments persist (plate 5, D). 

In the earliest stages of arrested growth found in the suppressed em- 
bryo, the integuments are normal in appearance and degeneration be- 
gins first in the megaspore and the cells of the nucellus immediately 
surrounding it. In some of the sections of the earliest stages the nucel- 
lus is a degenerate mass and the integuments are partly drawn together 
(plate 5, C). In these early cases of suppression the ovule turns brown 
and there is no further growth. In most instances, however, the embryo 
sac is formed. If both ovules develop normal embryo sacs, the one in 
which fertilization takes place first apparently gains the ascendency. 
Following fertilization, size differences soon become pronounced and in 
those in which fertilization does not take place the liquid is completely 
withdrawn. If fertilization takes place in both ovules, which sometimes 
happens, suppression takes the form of embryo abortion, in which case 
in the ripe seed the coats are often devoid of contents except for the 
partially developed embryo. 
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There is a great difference between varieties in the degree of develop- 
ment of a second ovule. The relative size of the ovule at the time of 
bloom was studied by outline drawings, and these show an equal de- 
velopment in a large number of pairs in some varieties and a large num- 
ber of cases in other varieties in which one ovule is conspicuously larger 
than the other. The drawings show, however, that neither ovule is con- 
stantly larger than the other. Near maturity, the greatest development 
in the suppressed ovule was found in Stella, a cross between P. tri flora 
and P. americana. A series in the growth of the second embryo in this 
variety is shown in figure I, plate 4. This is in marked contrast to As- 
siniboin (plate 4, J) taken at approximately the same stage of develop- 
ment. 

Thus it will be seen that the typical condition is for one embryo to 
develop in each pit. In other words, approximately one-half of all ovules 
are suppressed, although normal development in one is all that is re- 
quired for fruit formation. This condition prevails in varieties repre- 
senting a single species or in extreme interspecific crosses and it occurs 
alike in varieties bearing normal pollen and in varieties in which most 
or all of the pollen is aborted. 

The dropping of pistils 

Under orchard conditions pistils fall at three distinct stages; (a) at 
cr immediately after bloom, (b) from two to four weeks after bloom, 
and (c) later, following considerable enlargement in the pistil. For 
convenience in presentation these will be taken up in the order of their 
occurrence. 


The first drop 

The extent of pistil abortion has been studied by a number of investi- 
gators, and the general conditions reported are comparable to those 
found in Minnesota. Bailey (1892) reports finding a wild tree of 
Prunus americana which “bears flowers without pistils.” Lord ( 1894) 
found that all varieties sometimes bear flowers with aborted pistils. 
Heidemann (1895) foimd 90 percent of aborted pistils in Hiawatha. 
Goff (1894, 1895) determined the degree of pistil abortion in a num- 
ber of varieties of P. americana, which in some cases, as in Moreman, 
amounted to as much as 74 percent. Peters (1916) evidently does not 
recognize dropping from aborted pistils and ascribes the falling of flow- 
ers “a few days after the petals” to non-pollination. Waugh (1896) 
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lound 100 percent ‘'defective pistils’^ on several trees. He considers 
that in the aggregate they are “numerous enough to be taken into serious 
consideration/' but that they do not exert an influence on the crop “ex- 
cept in uncommon cases of total defectiveness." In a later publication, 
Waugh (1897) presents extensive data showing the percentage of de- 
fective pistils in a number of varieties in nine plum groups. Defective 
pistils have been given considerable attention in the present investigation, 
but the partial summary of Waugh's data given in table 6 expresses the 
general condition very well. It will be seen that defective or aborted 
pistils are of wide occurrence and of sufficient numbers in many instances 
to have an influence upon the crop. 

Table 6 


A summary of the data collected by Waugh (1897) on the extent of pistil abortion in the plum. 





Average pei 

Group 

Percentage of defective pistils 

No. of 

centage fo 


0 5 10 15 20 25 30 35 40 45 SO 55 60 65 70 75 80 85 90 95 100 

varieties 

group 

Pninus domestica 

69 16 12 3 2 5 II 

29 

4*3 

lapancse 

34 7 10 7 3 2 2 12 I I 

22 

11.2 

J’.amcricana ■ 

59 20 16 II 13 9 II 6 8 2 5 4 3 2 I 6 4 

55 

21.2 

nigra ' 

9 4 3 I 2 I I I I 2 

6 

17.0 

Miner 

17 7 3 2 

10 

1.9 

Waylanj '14 3 5 5 2 2 2 i I I I i 

12 

10.5 

WildKoose 22 38542 32 I II I I 

18 

19.8 

Chicasaw ! 

24 II 842222323 II 221 1 

20 

10.5 


Pistil abortion occurs at any stage from that of a slight growth of the 
flower rudiments in the early spring to the time at which the flowers have 
reached normal size at bloom ; but for each variety the degree of growth 
reached before abortion is quite characteristic and varies but slightly. 
Flowers with the earliest-aborted pistils drop first but always come into 
full bloom. When abortion occurs so late that the pistil reaches normal 
size, but little further growth takes place and dropping may occur as 
late as a week after bloom. Flowers with defective pistils always drop 
at the pedicel base and neither the calyx tube nor style is shed by abscis- 
sion because growth is not carried far enough. Pistils aborted at the 
earliest stages turn brown or black while the later ones to abort are dis- 
tinctly yellow compared with the green of normal ones. Two features, 
therefore, characterize this drop: (a) the flowers bear aborted pistils, 
and (b) falling takes place soon after bloom. The immediate cause of 
the dropping of the flower appears to be pistil abortion. 

Sections have been made of a large number of these defective pistils. 
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and in all cases both ovules are found to be aborted (plate 5, E, F). The 
aborted series presented is comparable with that of the single ovule pre- 
viously discussed. In the larger aborted pistils the dark color of the de- 
generated ovules can be seen distinctly through the carpel wall. In the 
earliest cases of abortion found the size of the pistil was several times 
that of the pistil in the dormant winter bud. It is of interest to note 
also that pistil and ovule abortion have no apparent influence upon pol- 
len development. 

The early abortion of pistils has been assigned to various causes. 
Goff (1901) held that abortion is due “in the majority of cases to a 
return of cold weather” after spring growth has once started. Waugh 
(1896) determined the percentage of defective pistils from nine varieties 
at different points between Denison, Texas, and Ottawa, Canada, which 
do not sustain the conjecture of Goff because of the large numbers 
which he found aborted at all places. 

The fact that some varieties bear fruit in abundance for a number of 
jears, and afterward for one or more seasons suddenly produce flowers 
that show a complete abortion of pistils suggests a definite relation of 
this condition to nutrition. Observation of changes of this nature have 
been made by a number of investigators (Lord 1894, 1899; Goff 1894, 
and others), and two striking instances have occurred at the Minnesota 
Station. One variety, Wickson, bore two heavy crops of crossed plums 
in the greenhouse, and the following year all pistils were aborted. In 
the second instance. Wolf under orchard conditions bore heavily in 1914, 
and for three consecutive seasons afterward produced less than i per- 
cent of normal pistils. Wickson was not subjected to killing tempera- 
tures previous to the time of abortion. 

The occurrence of aborted pistils in varieties of so many different 
species under cultivation as well as in wild seedlings indicates that the 
tendency to the appearance of this condition, whatever its cause, is wide- 
spread. The occurrence of so many aborted pistils in seasons following 
heavy fruits suggests, as noted, a connection with nutrition. It is a 
matter of general observation among fruit growers that heavy fruiting 
is likely to be followed by a light crop, but under these conditions fruit- 
bud formation is usually reduced. While the relation between food sup- 
ply and fruitfulness has not been definitely explained as yet on experi- 
mental grounds, the general relation shown in the orchard justifies plac- 
ing some confidence in the assumption of the relation between aborted 
pistils and nutrition. If this assumption is correct, a small degfree of 
abortion may be interpreted as suggesting a competition between differ- 
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ent flowers in a bud while a total abortion indicates a much more gen- 
eral condition. 

The earliest stages of pistil abortion have been given careful cyto- 
logical study. The flrst appearance of disintegration is found in the 
ovule and consists of a breaking down in the embryo sac. The disinte- 
gration stages here closely resemble in general details those already dis- 
cussed in the abortion of one ovule. In the aborted-pistils series both 
ovules are affected; in fact, the general suppression of one ovule may 
be regarded as the first step in the aborted series and needs only the sup- 
pression of the other to complete it. When this condition is taken into 
consideration, together with the fact that early and late abortion take 
place, the series is complete. This indicates a condition of instability in 
the pistils in this genus, which if suggestive of dioeciousness has not yet, 
as will be shown later, progressed so far as to show a constant morpho- 
logical difference between flowers. 

The second drop 

The first drop is followed two weeks or so after bloom by another 
distinct wave of falling pistils. While there are a few intergrading 
forms between these two drops, certain features of the second drop sepa- 
rate it distinctly from the first. 

Unlike the pistils of the first drop, those of the second have every 
external appearance of being normal. Enlargement up to a certain point 
takes place and in most cases the calyx tube breaks away at least in part 
even though there is insufficient growth in the young plum to throw it 
off. The style is not deciduous in the earliest pistils to fall, but, like the 
calyx tube, drops in those which fall later (plate i, D). In P, Besseyi, 
however, both the style and the calyx tube persist longer than in other 
species (plate i, C). Pistils which fall in the second drop, as in the 
first, absciss at the pedicel base while the pistil is still green, although 
the pedicel has become light yellow. Yet in the last pistils of the second 
drop to fall the abscission layer is formed at the base of the ovary (plate 
5, K) and in some instances can be easily broken off at this point. Even 
the last pistils to fall, which are usually the larger ones, are still turgid, 
and while abscission generally precedes browning and shriveling, in 
some varieties the integuments turn brown and the sap of the micellus 
is partly or completely withdrawn in many of the pistils before they 
fall. The browning appears first in the chalaza and gradually extends 
to the nucellus and integuments and sometimes even to the stone tissue. 
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From the forgoing it is evident that there are characteristic features 
which distinguish the second drop from the first. 

By referring to table 7, it will be seen that at about three weeks after 
bloom in accounting for all the flower buds or flowers produced by a 
tree only four different categories are necessary. Other varieties could 
have been included in the table but these four illustrate something of 
the extremes encountered. These counts were made in the spring of 
1917. 


Table 7 

A percentage classification of the total nutnber of flowers borne by four varieties of 
plums, on the basts of those which were winter-killed, those which 
fell at the first drop, at the second drop, and those which ‘‘set/’ 


Vatiety 

Date of 
bloom 

Flower buds 
winter-killed 

First 

drop 

Second 

drop 

Number 

set 

Assiniboin 

May 17 

0 

34 

55 

11 

Minnesota No. i8^ 

“ 21 

10 

50 

35 

5 

** 21* 

“ 19 

42 

46 

7 

5 

“ “ 35' 

“ 19 

15 

21 

54 

10 


‘Abundance X Wolf. 'Burbank X Wolf. 


After deducting the number of flowers winter-killed, those which fell 
with aborted pistils, and those which set, a considerable number, vary- 
ing from 7 to 55 percent, remains. These constitute the second drop, 
which in number is comparable to those of the first drop. In fact, it 
will be seen that in one variety the first drop may be greatest and in 
another the second, and that in all cases the number of pistils listed under 
either drop is greater than the percentage to set. Leaving out of con- 
sideration the flower buds killed during the winter and those eliminated 
in the first drop, as a rule there still remains a sufficient number to pro- 
duce more than a crop if fertilization occurs in them. These are analyzed 
further in table 8 in order to determine what size differences occur be- 
tween those which set and those which drop. 

This analysis was begun seventeen days after bloom, when the sec- 
ond drop had started. The size of those dropping and those still per- 
sisting (table 8) was compiled from records made in 1917, in wliich the 
pistils in each category are put into classes according to their greatest 
diameter parallel with the suture. Attention is called to the relative 
size at the time of falling of pistils open to cross-pollination and those 
from which the stigma was snipped before pollination. 
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Emphasis is placed upon the following points brought out in table 8 : 
(a) the period of abscission of the second drop extended from 17 to 30 
days after bloom; (b) beginning with the first pistils to fall, size differ- 
ences between those persisting and those which fell, gradually increased 
with time; (c) pistils which fell within the above-mentioned time limit 
enlarged only up to a certain point; (d) those pistils with the stigmas 
snipped before pollination, enlarged before falling, to a size comparable 
with that of those not so treated; and (e) in each variety there was a 
gradual increase in the size of the pistils which fell off. 

The degree of enlargement of certain pistils over others is again shown 
in plate i, A and B, in which the extremes in the percentage of pistils 
to set, 3.1 and 63.9 percent, respectively, are shown. The distinction in 
size between the first and second groups of pistils to fall is appreciable, 
since at bloom the normal pistil is only i.i to 1.5 mm through the suture 
diameter. Only a few of this size are recorded in table 8. Plate i, D, 
illustrates the difference between those falling last and those setting, in 
Minnesota No. 21, thirty-one days after bloom. With this analysis, 
showing so clearly the size distinction between those falling and those 
persisting, the evidence as to the cause of the falling of the second group 
will be presented. 


The cause of the second drop 

The similarity in size at the time of falling of those pistils open to 
pollination and those whose pollination was prevented by snipping the 
stigma, would alone appear to justify the conclusion that the second 
drop is due to non-fertilization. This point, however, was investigated 
further by two different methods: (a) by excluding pollen, and (b) by a 
cytological examination of the ovules. 

In the experiments in which pollination was i>revented, tents were 
placed over one tree each of Minnesota No. 21, Assiniboin, Wohonka, 
Wakapa and Prunm americana, during the period of bloom. On account 
of the total self-sterility of these varieties no emasculating was done 
under the tents. The entire lot of normal pistils under the tents, includ- 
ing branches with snipped stigmas, those self -pollinated and those not 
pollinated, showed an enlargement similar to those falling with the sec- 
ond drop under orchard conditions and fell with them. But controlled 
crosses under the tents set in approximately the same proportion as un- 
covered trees of the same variety adjacent. 

As checks to the tented trees in the orchard, two trees { Manitoba and 


Gjsnetics 4: S 1919 



452 


M. J. DORSEY 


Yellow Egg) were held under observation in the greenhouse where pollen 
was definitely excluded from the stigma by emasculation ; on these trees 
the pistils which were not pollinated showed enlargement before falling, 
similar to those under the tents. Before concluding finally that fertiliza- 
tion has not taken place in pistils which fall in the second drop the state 
of development in the embryo sac should be determined. 

The condition in the ovule has been examined in pistils definitely known 
not to have been pollinated. These served as a check to those examined 
from the second drop. In the absence of fertilization an interesting con- 
dition is created in the ovule, which shows something of the dependence 
upon the egg of development in other parts. The contrast will be shown 
between the fertilized and unfertilized condition. 

The general proportions between the different parts of the pistil are 
maintaiped in the partial enlargement which takes place in the second 
drop. The int^uments thicken and expand, a condition which is in 
marked contrast to that usual in the suppressed ovule. The nucellus in- 
creases in size, as was noted by Backhouse (1911 a) in self-pollinated 
pistils which fell “generally within three weeks,” but it seldom breaks 
down before abscission, although there may be a partial withdrawal of 
sap. The canal as a rule extends into the nucellus but little beyond the 
chalazal end of the embryo sac in the pistils which fall earliest in the 
second drop; later, however, there is considerable canal extension. In 
one pistil from which the stigma was snipped before pollination, at 
thirty-four days after bloom the canal through the nucellus had e.xtended 
to the chalaza (plate 5, J). This ovule had grown to the largest size of 
any found in the absence of fertilization and was 4.4 mm long and 1.5 
mm wide. Peters (1916), working with varieties of Prunus domestica, 
states that when self-sterile varieties are self-pollinated, “the carpel 
swells up to the size of a culinary pea before it falls,” but that if the 
flowers are not pollinated, they fall “a few days after the petals.” Ap- 
parently he fails to make a distinction between the first and second drop. 
The point is that ovule development reaches only a certain size in the ab- 
sence of fertilization, but the pistil in which fertilization has not occurred 
persists after the style and calyx tube have fallen. 

Turning now to the embryo sac, the early stages after bloom where 
fertilization has been prevented show the normal nuclear condition. 
Breaking down in the nuclei of the embryo sac first appears from two to 
three weeks after bloom. Disintegration takes place in the antipodal 
nuclei first, then in the endosperm nuclei and lastly in the egg nucleus. 
In figures 25 and 26, plate 2, the first stages of disintegpration are shown 
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in the egg, twelve days after bloom. More advanced stages are shown 
in figures 23 and 24, plate 2, which are drawn from pistils collected 24 
and 34 days respectively after bloom. In the last instance pollination 
was prevented by snipping the stigma. It will be seen that the nuclei in 
the embryo sac persist long enough to allow for a considerable delay in 
pollination. The persistence of the egg in the absence of fertilization is 
decidedly different from the condition in the apple, in which Knight 
(1917) found that ''at 120 hours the egg cell begins to show disinte- 
gration.^’ 

The embryo sac elongates but little if fertilization does not take place 
(plate 5, G, H). Even in the case noted above of exceptional ovule 
development there was but very slight elongation of the embryo sac. 
Cases of this kind suggest that canal extension is independent of the 
embryo-sac growth when certain sizes are reached in the ovule. Endo- 
sperm in the absence of an embryo has been found only in two cases in 
Yellow Egg (P. domestica), in which a few divisions had apparently 
taken place. As a single exception, an embryo four cells across was 
found in a pistil falling within the size limits of the second wave of 
dropping. These instances may be regarded as intermediate between the 
second wave and the third. 

The condition found in the unfertilized series is in marked contrast 
with that found when fertilization takes place. As early as 18 days 
after bloom the embryo sac in which the egg has been fertilized extends 
the entire length of the nucellus to the chalaza, and a jacket of endo- 
sperm, usually only one cell thick, covers the entire area of the '‘dumb- 
bell-shaped” sac. With the completion of these changes in the embryo 
sac the embryo may be no larger than four cells across (plate 2, 27). 
The slow growth of the embryo in the early stages and the extremely 
rapid formation of endosperm have been emphasized by Pechoutre 
(1902). 

It will be seen from the above observations that all the evidence shows 
that fertilization has not occurred in the pistils which fall at the second 
drop. This is in accord with the statement of Waugh (1899) that 
"the germs of the incipient seeds are not fecundated.” Pollination may 
have taken place, but tube growth was retarded to such an extent that fer- 
tilization was prevented probably by the abscission of the style. By re- 
ferring to the article on weather in relation to fruitfulness (Dorsey 
1919) it will be seen that this drop can be ascribed primarily to un- 
favorable weather at bloom — especially rain and low temi^eratures — 
which would also account for the differences in the extent of the second 
drop from year to year, 
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The third or “June drop” 

Following the second drop there is still another — ^the so-called “June 
drop.” In popular usage the term June drop applies primarily to the 
third drop of large plums because they are much more conspicuous, but 
does not include the relatively few which fall from time to time, even 
up to maturity. Waugh (1899) distinguishes clearly between the sec- 
ond drop and the June drop. He says that “this first fall of minute 
fruits (which sometimes takes the whole crop) is commonly supposed to 
result from non-fecundation of the ovules,” but that “this is not the 
true June drop.” Backhouse (1911 a) states that “it seems probable 
that the trouble known as the June drop of the Americans” is “to be 
explained as a consequence of self-pollination.” According to the evi- 
dence presented previously, self-pollinated pistils drop at sizes similar to 
those at which unpollinated pistils drop and for the same reason. It has 
been shown that time and size of dropping draw a relatively sharp line 
between the first and second waves of dropping. Likewise these two 
factors separate the second drop from the third. From table 8 it will 
be seen that when fertilization does not take place enlargement reaches 
only a certain point, the maximum recorded being in the 5. 6-6.0 mm 
class, while the mode is near 3.0 mm. Among the last of the second 
drop an occasional ovule is found with slight embryo development, which 
shows that there are connecting forms between the second and third 
drops as well as between the first and second. In approximately one 
month (table 8) the second drop is over, and those setting have so in- 
creased in size as to place them in a distinct size class from those which 
have fallen. 

The size of plums in the third drop is shown in table 9. By compari- 
son with table 8 it will be seen that considerable enlargement has taken 
place and that the size of those falling is comparable with the size of 
those persistent at the earlier date. 

The measurements of Assiniboin and Winnipeg were made forty days 
after bloom and include a small number of fruits which fall without 
injury and a large number injured by curculio stings. These fell for the 
most part with the third drop and have generally been considered a part 
of it. Dropping occurred as late as forty to eighty-three days after 
bloom. In the cross Compass X Yellow Egg the entire crop fell just be- 
fore maturity. So plums which fall at this drop, like those which fall 
at the first and second, have a characteristic size with a considerable 
range in the time of falling but with a pronounced mo{le. It should also 
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Table 9 

Showing the sine of plums falling at the June drop. Under the headings Assiniboin 
and Winnipeg the size of those falling from curculio stings is also given. 



Assiniboin 

Minn. No. 6 
X Manitoba^ 

Compass X 
Yellow Egg 

i 

1 

Minn. No. 21 
X Burbank* 

Winnipeg 

Date 

June 26 1 

1 

May 7 

June 22 

June 21 

June 26 

Days after 


1 




bloom 

40 

54 

83 

82 

40 

Size 
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bo 
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10.6-12.0 

I 


25 


I I 

12.1-13.5 

13 


17 

2 

3 

13.6-15.0 

25 1 


15 


12 

15.1-16.5 

I 15 


2 

8 

5 

16.6- 1 8.0 

7 



8 

3 

18.1-19.5 

2 2 j 



12 


19.6-21.0 

1 

1 


I 

! I 

21. 1-22.5 

2 1 



I 

2 

22.6-24.0 

I 

3 




24.1-25.5 


I 




25.6-27.0 

1 

1 2 

1 




27.1-28.5 


1 




28.6-30.0 1 


' 

1 




^ Stung by curculio. * Greenhouse cross. 


be noted that the method of abscission in the June drop is different from 
that in either of the others. The conducting tissue of the pedicel, espe- 
cially at the base, has become hardened, while this condition has as yet 
not been reached at the base of the ovary. Consequently, instead of 
parting at the pedicel base as in the first and second drops, abscission 
takes place between the plum and pedicel and in the most advanced cases, 
as in the normal falling of the ripe plum, the pedicel does not drop but 
may persist for one or more years. A further difference is found be- 
tween the second and third drop in that neither calyx tube nor style is 
ever present as late as the time of the third drop. 
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Seed development in the June drop 

Sections have been made of the embryos of a large number of plums 
which fell at the June drop. Dissections were also made of ovules at 
various stages to determine the amount of growth in the embryo. The 
general condition found may be summarized as follows: (a) embryo 
development started but growth stopped at any time from the stage 
when the embryo was a few cells across to the time at which it had 
reached nearly the mature size; (b) endosperm had partly formed, but 
the embryo gained the ascendency to such an extent that it was often 
found naked in the nucellus; (c) enlargement in the seed could reach 
nearly the mature size when fertilization had once occurred, accompanied 
by only a slight growth of the embryo. 

Considerable variation was found in the relative development of em- 
bryos, A characteristic of all the seeds dissected in the cross Compass X 
Yellow Egg (table 9 and figure E, plate 4) was the small amount of 
endosperm present. In fact, in some seeds none could be detected. The 
last stages of the seeds of this cross show a complete absorption of the 
sap of the nucellus and a drying and withering of the seed coats, within 
which the embryo appears as a lump at the pointed end. In many of the 
seeds of this cross neither embryo nor endosperm could be found by hand 
dissection, indicating an early abortion of both. The canal, however, is 
very prominent and it is possible that complete embryo-sac extension has 
taken place before abortion. An early browning of the seed coats soon 
follows suppression of the embryo. In this cross all plums fell before 
maturity but after they had reached nearly the normal size. 

In a cross between Minnesota No. 21 and Burbank, embryo develop- 
ment differed from that described above. Many plums of nearly mature 
size — ranging from 15 to 20 mm through the suture diameter — were 
falling 82 days after bloom. Dissection of the seeds showed consider- 
able growth in the embryo and only traces of endosperm. F, plate 4, is 
a series showing embryo growth, natural size. Sections were made of 
some of these embryos, and one of the smaller was only sixteen cells 
across — yet the plum had persisted for nearly three months. The ex- 
ternal appearance of the seeds in this cross .is similar to that of Stella 
(plate 4. G). 

It may be argued that fertilization had not taken place in those cases 
in which an embryo sac cQuld not be found. Even if an embryo could 
not be found the size of the plum was so much gp’eater before falling 
than those of the second drop where fertilization is known definitely not 
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to have taken place, that the size alone may be taken as conclusive evi- 
dence of fertilization. This position appears justifiable in view of the 
fact that in the experiments carried on under the tent and in the green- 
house, in which pollen was definitely excluded from the stigmas, the 
cases in which the size of pistils approached that of the pistils falling at 
the third drop were so few as to be negligible. 

The great rapidity in endosperm formation and also in embryo-sac ex- 
tension have been emphasized; therefore the occurrence of embryos with- 
out or with only a partial growth of endosperm was not to be expected. 
The above status of seed development in the Compass X Yellow Egg 
cross is not typical. In table lo some of the variations found in a cross 
between P. triflora and F. americam are set forth. The seeds classified 
in this table were taken from fruit falling just before the normal plums 
were ripe and were typical of the plums which so often ripen earliest. 
From I, plate 5, it will be seen that the tissues of the seed are easily 
distinguished. 


Table 10 

The relative development of the embryos in plums dropping a week to ten days before ma- 
turity in a cross between P, triflora a 4 i 4 F. americafia. All were taken 
on the same date, August 19 , 106 days after bloom and 
showed no evidence of external injury. 


Embryo 

size 

Seed coat 

Nucellus 

Endosperm 

Embryo 

Cotyledons 

Vs 

Brown 

Sap absorbed 

54 -developed 

Present 

3 lobes. 8.6 mm long 

% 

“ 

11 11 

u tt 

Absent 

None 

'A 

Brown and shriveled “ “ 

ft ft 

Very small 

1.8 mm long 

y 2 

U (t « 

It ft 

ft tt 

Absent 

None 

Vi 

(( « (( 

ti tt 

Slightly “ 

“ 

It 

A 

M It « 

It It 


Present 

5 mm long 


It 11 It 

tt (t 

It ft 

Absent 

None 


l( 11 11 

Normal 

Normal 

Present 

12.7 mm long 

Va 

White and turgid 

tt 

tt 

It 

1 1.8 “ " 

. ^ 

Brown “ “ 


It 

ft 

1 1.7 ** " 

I'ull size 

White “ “ 


“ 


14.3 " “ 


The condition in the later stages of the development shows that there 
is in each case at least partial growth of the endosperm. The sap of 
the nucellus is withdrawn in all cases, resulting in the shriveling of the 
seed coat when the embryo is partially formed. When the embryo is 
marked “absent’’ the supposition is that growth stopped early so that it 
was too small to detect in dissection. In four seeds the endosperm ap- 
peared in the irregular patches characteristic of maturity. These plums 
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were of nearly full size and differed from the others in that they ripened 
earlier. The condition of seed development near maturity in these was 
so similar to that found earlier at the June drop that they could, were it 
not for confusion, be included under that heading. 

The status of development in the ovule in the third drop shows marked 
differences from that in the second. Firstly, a greater size is attained 
than is ever found in the second drop, and secondly, instead of there be- 
ing disintegrating nuclei within a slightly elongated embryo sac, tissues 
cease growing at various stages rather than disintegrating. This lat- 
ter fact alone suggests an additional stimulus absent in the second drop. 

Cause of the June drop 

Waugh (1899) considered that three principal causes enter into the 
June drop: (a) “non-pollination,” (b) “curculio-work,” and (c) “the 
struggle for existence.” It has been shown that non-pollination is the 
cause of the second drop and that the size element alone eliminates this 
factor from the third drop. After an examination of the aborted em- 
bryos in the June drop, Waugh’s conclusion that “it seems fair to con- 
clude that pollination plays a considerable, though varying, part as a co- 
operating cause of the June drop,” appears to be wrong. It may also be 
stated that although plums stung by curculio fall at this time, that cur- 
culio work is not necessarily a cause since it can be controlled and in 
some seasons is negligible. In addition, the third drop occurs on trees 
in which the small setting of fruit would not appear to create conditions 
of competition sufficiently intense to eliminate a large number, and it 
may also be very slight when there is an exceptionally heavy setting of 
fruit. This was the condition in one tree of Pruniis americana in 1918, 
in which 67 percent of the flowers set fruit (plate i, B). Growers gen- 
erally find that the number of fruits set is not reduced to a relatively 
fixed maximum by the struggle for existence but that the tree matures 
the excess crop at the expense of size. If the struggle for existence is 
the primary cause, this drop would be expected to take place later, nearer 
the time of maturity, when greater demands are made upon the available 
food. 

It will be seen therefore that certain considerations detract from the 
importance of the struggle for existence as the primary factor in this 
drop. However, it is not the intention to attempt to eliminate this fac- 
tor entirely since recent studies (Ewart 1907, 1909; Muller-Thurgau 
1898, 1908; Heinicke 1917; and'WHiPPLE 1917) show a specialization 



A STUDY OF STERILITY IN THE PLUM 


459 


and adjustment in the growing parts not heretofore suspected. While 
the work of the authors cited has* dealt primarily with the grape and 
apple, observations made in this connection show that influences of a 
similar nature, among them the fruiting habit, are at work in the plum. 

Varieties of the different species vary in the production of fruit buds 
on the terminal one-year growth. Some of the outstanding differences 
are shown in P, domestica, in which only 22 varieties out of 158 bore 
fruit buds on the terminal annual growth. In P, tri flora 19 out of 21 
bore nearly a full crop. In P. americana 18 out of 21 varieties bore 
fruit buds on the terminal growths. On the other hand, P. Besseyi fruits 
primarily on the terminal twigs. 

In the varieties available in this investigation there was a pronounced 
June drop in the plums borne on the terminal wood. In fact, on the 
older trees fruit seldom matured in this position. The dropping of fruit 
from the terminal growths can be partly accounted for on the basis of 
the competition from a thorn or branch which is developed between the 
lateral fruit buds on the terminal twigs the second season. This condi- 
tion occurs over the entire outer area of the tree. 

On vigorous six-year-old trees of Minnesota No. 21, an attempt was 
made to influence the setting of fruit on the terminal growths by remov- 
ing the flowers from the remainder of the tree. On one tree all flowers 
were pulled off excepting on the terminal growths, and 53 fruits set on 
37 shoots compared with 53 fruits on 55 shoots on an untreated check 
tree adjacent. The condition on the one-year shoots was not strikingly 
different from that on the two-year wood of the check on which 23 
branches bore 33 fruits. On still another tree the fruiting thorns were 
cut off, leaving bloom only on the one-year terminal growths. In this 
case there was a smaller setting of fruit but a very luxuriant terminal 
growth. It is |X)ssible that the treatment noted above was made too late 
for complete adjustment to take place. All trees of this variety bore a 
light crop the year of the test, — 1917. Under favorable conditions fruit 
matures on the terminal shoots, but the percentage to set is small con- 
sidering the mass of bloom, and even the small setting noted above is 
far in excess of the usual condition when there is a full crop on the re- 
mainder of the tree. It is apparent that in this position competition takes 
place between fruit and branch as well as between different fruits. 

Evidence of further adjustment in the plum is shown by the shorter 
terminal growths produced during the season of heavy fruit production. 
Loeb (1918) studied growth adjustments in Bryophyllum and found 
that “equal masses of sister leaves produce approximately equal masses 
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of shoots,” even when the number of shoots differs. In this form the 
first shoots to grow attracted “automatically the material available for 
shoot formation.” In the plum, when there is a large setting of fruit, 
fruit production gains the ascendancy over vegetative growth; likewise, 
vegetative growth becomes uppermost in the terminal positions when the 
crop is limited. It appears, therefore, that within certain limits there is 
justification in assuming that the “struggle for existence” is a factor in 
the third or June drop. 

Table 1 1 gives evidence of still another influence at work in the June 
drop. These data are taken from controlled crosses made on tubbed 
trees in the greenhouse where growth conditions were favorable. Pol- 
lination and aborted pistils may be eliminated, since all pollination was 
done by hand on normal pistils. The records as to the number set in 
each cross were made approximately four weeks after pollination \vhen 
size differences in the ovary made it possible to distinguish between 
those in which fertilization had taken place and those in which it had 
not. The differences between the first and second column represent those 
pistils which fell because of lack of fertilization, — the second drop, — 
while the differences between the second and third columns show ap- 
proximately the extent of the June drop. 

In those crosses in table 1 1 on which data were taken both at the time 
of setting and at maturity a total of 1900 fruits which set were reduced 
by dropping to 726 mature fruits. In certain crosses many more fruits 
fell than in others; e.g., in the cross Compass X Yellow Egg, of 1327 
flowers pollinated, 652 fruits set and 8 matured. The condition in the 
seed of these is shown in figure E, plate 4, from which it will be noted 
that abscission took place near maturity. Again, in the cross Minnesota 
No. 12 X Manitoba, of 180 fruits which set 80 matured. In contrast 
to this in the cross Compass X Burbank, 116 fruits set and 114 matured. 
The general condition shown in these results is that in many of the 
crosses fertilization takes place but subsequently at different stages de- 
velopment is stopped, — a condition which shows that in some crosses 
fruits- cannot mature for some reason, even after fertilization has taken 
place. The plum is comparable, therefore, to the sweet cherry (Gard- 
ner 1913) — ^namely, all varieties are self-sterile, some cross-sterile and 
some cross-fertile. 

In summarizing the relation of the pistil to sterility, it will be seen 
from the evidence presented that there are three distinct periods of drop- 
ping; (a) the first drop of flowers bearing aborted pistils; (b) the sec- 
ond drop, including all pistils in which fertilization has not occurred; 
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Table ii 

Showing the relationship between the number of flowers pollinated, the number set, 
and the number of fruits to mature in different plum crosses. 


Parentage of cross , 

Number of 
flowers 
pollinated 

Number of 
fruits 
set 

Number of 
fruits 
mature 

Pistillate 



Pollen 



Burbank 



X 

Minnesota 

No. 


140 

60 

40 




X 

it 

(( 

tt 

208 

39 

— 

it 



X 

tt 

tt 

e 

379 

28 

22 

** 



X 

it 

a 

t» 

241 

46 

— 




X 

tt 

tt 

9' 

314 

8s 

53 




X 

tt 

tt 

tt 

274 

89 

— 

ft 



X 

tt 

tt 

12' 

68 

5 

— 

tt 



X 

Surprise 



457 

266 

121 




X 

Yellow Egg 


124 

43 

— 

Compass 



X 

Burbank 



175 

116 

1 14 

« 



X 

Yellow Egg 


1327 

652 

8 




X 

Bing 



34 

1 

I 

.<* 



X 

English Morello 

192 

0 

0 




X 

S. Biggareau 


169 

I 

I 

It 



X 

Wickson 



I tree 

— 

275 

Etopa 



X 

P. Besseyi 



I branch 

— 

4 

Minnesota 

No. 

I 

X 

Minnesota 

No. 

6 

127 

2 

1 

tt 


ii 

X 

tt 

tt 

tt 

9 
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“ 

tt 

tt 

X 

tt 

/t 

9 

237 

10 

5 

(( 

tt 

tt 

X 

tt 

tt 

tt 

78 

I 

— 

tt 

tt 


X 

tt 

tt 

35* 

105 

X 

0 

tt 


tt 

X 

tt 

tt 

(( 

92 

0 

— 

4 t 

tt 

tt 

X 

Terry 



20 

6 

4 

tt 

** 

tt 

X 

Yellow Egg 


1 16 

29 

I 

tt 

tt 

tt 

X 

tt tt 



54 

7 

— 

“ 

** 

6 

X 

Burbank 



44 

8 

8 


tt 

tt 

X 

tt 



89 

18 

— 


tt 

it 

X 

Manitoba 



169 

68 

61 

tt 

tt 

tt 

X 

Minnesota 

No. 

9 

238 

48 

39 

** 


tt 

X 

tt 

tt 

tt 

398 

96 
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tt 

tt 

tt 

X 

It 

tt 

12 

108 

8 

5 

tt 

tt 

tt 

X 

tt 

tt 

tt 

430 

43 

1 — 

tt 

** 


X 

Surprise 



291 

— 

! 96 

tt 

tt 

I 

X 

Yellow Egg 


lOI 

44 

17 

tt 

tt 

9 

X 

Minnesota 

No. 

6 

61 

3 

2 

tt 

tt 


X 

tt 

« 

12 

537 

0 

0 

tt 

tt 


X 

tt 

tt 

tt 

309 

0 

— 

tt 

tt 


X 

tt 

tt 

35 

209 

63 

50 

tt 

tt 

tt 

X 

Yellow Egg 


65 

13 

13 

tt 

tt 

12 

X 

Manitoba 
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180 

80 

tt 

tt 

tt 

X 

Minnesota 

No. 

6 

207 

20 

3 

tt 

tt 

tt 

X 

tt 

tt 

tt 

341 

51 

— 

tt 

tt 

it 

X 

tt 

tt 

9 

300 

48 

20 

tt 

tt 

tt 

X 

tt 

u 
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tt 

tt 
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tt 

tt 

35 
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48 


^ Wolf. 

'Abundance >< WolL 




462 


M. J. DORSEY 


Tablg II (continued) 

Showing the relationship between the number of flowers pollinated, the number set, 
and the number of fruits to mature in different plum crosses. 


Minnesota No. 

12 X Yellow Egg 

80 

20 

2 

tt u 

35 X Minnesota No. 9 

65 

7 

— 

t€ » 

.. X “ " 12 

274 

3 

2 

P, americana 

X P* americana 


— 

29 

P, Simoni 

X Surprise 

48 

7 

4 

Surprise 

X Burbank 

108 

24 

0 

tt 

X Double-flowering Cherry 

30 

0 

0 

Terry 

X Burbank 

II 

0 

0 

, Yellow E»gg 

X Compass 

I8I 

0 

0 

tt tt 

X Manitoba 

42 

0 

0 

tt it 

X Minnesota No. 6 

i 45 

I 

I 

it tt 

X “ “9 i 

508 

4 

— 

tt tt 

X " “ 35 

49 

3 

— 

« « 

X S. Biggareau 

28 1 

0 
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and (c) the third or June drop, in which embryonic development is 
stopped. Consequently, each drop appears to be due to a different cause, 
and each is distinct from the others. The size differences at the time 
of falling are not peculiar to the plum. Preliminary observations of the 
apple show essentially the same condition. An outstanding feature of 
the evidence presented is a stimulus to growth of the pistil which results 
from fertilization — a stimulus which results in distinct size differences 
between the fruits of the second and third drops. It appears, therefore, 
that, excluding the loss from fungous diseases and insect injury, there is 
justification for placing the pistils which fail to mature in three distinct 
categories. 


THE GENETIC PHASE OF STERILITY IN THE PLUM 

Self-sterility in the plum has been investigated from three angles : (a) 
the elimination of gametes in the abortion of pollen and the suppression 
of one ovule in each ovary; (b) the genetic relationship or ‘‘affinity’’ be- 
tween species and varieties; and (c) a study of the pollen and pistil con- 
dition as a basis for determining the type of sterility. In the treatment 
of each of these divisions an attempt will be made to see in how far 
there is justification for placing a genetic interpretation upon the condi- 
tion found to exist. 


The elimination of gametes 

In the strict usage of the term it is not proper to refer to the elimi- 
nation of gametes in speaking of pollen or pistil abortion but for con- 
venience of presentation this may not be misleading since potentially 
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these would produce gametes were it not for suppression at early stages. 
Elimination takes place at many stages of development. In the case of 
pollen it was shown that, while in certain extreme hybrids there is evi- 
dence of irregularity in nuclear reorganization following the heterotypic 
division, for the most part pollen suppression begins at the time of 
microspore liberation and extends nearly to maturity. The extent of 
pollen suppression presented in table 4 shows that a considerable number 
of gametes are eliminated in this genus by means of pollen abortion. 

In all plum anthers there is a considerable quantity of pollen which is 
never shed. Even after the pollen is shed a large number of grains are 
eliminated from consideration because they fail to reach the stigma. 
While the pollen which is lost in the process of pollination is by far 
the greater portion, such a loss is common to all open-pollinated plants 
and the element of chance deals alike with all types of pollen. 

Considering now only those grains which reach the stigma, either by 
controlled or open pollination, sections show that while the quantity is 
variable, some are aborted and some are normal in appearance (plate 5, 
L, M). Of those which are normal in appearance some develop tube^ 
and some do not. Aborted grains, however, never send out tubes. 
Again, those which germinate show great differences in the rate of tube 
growth, so much, indeed, that by far the larger number are eliminated 
so far as fertilization is concerned and are disposed of with the abscission 
of the style. In fact, in all the sections of pistils showing tubes in the 
micropyle, no cases of more than four tubes were found. It will be 
seen, therefore, that the number of tubes which reach the micropyle is 
extremely small compared with the total number of tetrads or micro- 
spores produced. 

Turning now to the pistil, it has been shown that while two ovules are 
formed, typically one is suppressed before fertilization. This disposes 
of one-half the total number. In a considerable number of pistils, — ^those 
which fall at the first drop, — ^both ovules are suppressed. A further re- 
duction takes place when fertilization is prevented by various causes, — 
this number being represented by the second drop. Consequently, as in 
the case of the pollen, the number of ovules which fail to function, com- 
pared with those which do function is relatively large. 

Thus it will be seen that in the case of both pollen and pistil there is 
an extensive suppression of pollen and ovules which eliminates the gam- 
etes each would bear. The question now arises as to what causes are 
operating in each case to produce this condition in the germ plasm. 
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This phase of the subject has recently been given careful study by 
geneticists. They have brought forward convincing evidence which 
shows that there are certain factor combinations in heterozygous lines 
of descent which cannot undergo normal development at critical stages. 
The evidence upon this point has been reviewed by Valleau (1918) 
and Belling (1918) and need not be discussed again in this connection. 
Suffice it to say that these researches have included both cytological 
studies of germ cells (Tischler 1908; Rosenberg 1909; Gates 1915) 
and breeding tests (Bridges 1916; East 1915, and Morgan 1914), and 
that the facts which have been brought out by these two methods of 
approach to the problem are mutually corroborative. 

The suppression of one ovule in each pistil may appear at first to 
constitute an exception to this interpretation. And it should be empha- 
sized that this condition does not necessarily appear to be entirely com- 
parable genetically to that of the aborted-pollen series, since, associated 
with a constant suppression of one of the two ovules borne by each pistil, 
there may be in the same flower a complete suppression of pollen in one 
instance, or, in another, a normal development of all factor combinations 
represented in the pollen. If, however, there are certain factor combi- 
nations which cannot be brought to maturity in the ix condition the 
suppression of one ovule would be the method of expression of this, 
unless certain combinations can develop in the ovule which cannot de- 
velop in the pollen. Pechoutre (1902) found that in Prunus spinosa 
two cells may start to function as embryo sacs, but that one surpasses the 
other in development. In the axial row of each of the two ovules in an 
ovary a mechanism is provided in the extra cells which do not function 
as embryo sacs for further elimination of genetic combinations if the 
cell which would normally function as the embryo sac can be replaced by 
another cell of the axial row. In this way factor combinations may 
eliminate as many as three cells of each axial row without interfering 
with the typical pistil development, i.e., two ovules at the start with one 
suppressed generally before fertilization. This mechanism would also 
explain why it is possible to have, say 90 percent of the pollen aborted 
in forms in which all of the pistils are normal. The fact that there are 
a considerable number of flowers with abortM pistils, representing 
widely the varieties and species of this genus, suggests that factor com- 
binations may be partly responsible for aborted pistils, especially when it 
is considered that the suppression of one ovule takes place before ferti- 
lization. 

This interpretation of the elimination of gametes is, of course, based 
upon the assumption of a heterozygous condition in this genus. The 
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evidence in support of this has not been presented in this connection, but 
the great variability in fruit and tree characters shown by wild seed- 
lings of Prunus americanaj P. Besseyi, and P, mgra found isolated in 
some regions, as well as studies of a large number of seedlings of 
controlled interspecific crosses, show that species and varieties of Prunus 
are far from being homozygous. Furthermore, this condition would 
appear to be emphasized because of general self-sterility which would 
necessitate continual crossing. 


The genetic relationship of varieties and species 



Considerable attention has been given to the '‘affinity between differ- 
ent varieties and species by Waugh (1898, 1899), Heideman (1895) 
and others. This has been judged primarily by the ease with which 

crosses can be made and by the effectiveness of different varieties as 

pollenizers with others. 

In interspecific crosses varieties of P. triflora have been found to cross 
readily with such widely separated species as P. americana and P. Besseyi, 
Also, P. Besseyi can be easily crossed with P. triflora, P. americana and 
P. armenica. A still wider cross — Compass (P. Besseyi X Mineri) 

X English Morello is shown in plate 4, K. Additional interspecific 

crosses are listed in table ii. In fact, in the fruit-breeding work at 
Minnesota a large number of interspecific combinations, involving two or 
more species, have been made, but successful crosses between any of these 
species and P. domestica are extremely rare. It appears, therefore, from 
these experiences, as well as from the large number of extreme inter- 
specific crosses which have been reported in horticultural literature in the 
last fifty years, that in this genus the degree of sterility between species is 
considerably less than in some other genera which have been studied. 

Something of the condition which exists between varieties is well il- 
lustrated by Whitaker, Milton, and Sophie, all of which are open-pollin- 
ated seedlings of Wild Goose. Whitaker and Milton bloom at the same 
time, but are inter-sterile; both, however, are fertile with Sophie, but 
Sophie, used as the pistil parent, is fertile with neither (Waugh 1901). 
There are instances cited also in table 11 which show complete inter- 
sterility. For instance, Minnesota No. 9 is completely sterile when 
crossed with Minnesota No. 12, but fertile with Minnesota No. 35 and 
Minnesota No. 6. Again, Minnesota No. 12 sets fruit when crossed with 
Minnesota No. 35 and No. 9, but is nearly sterile with Minnesota No. 6 
and Yellow Egg. 
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Heideman (1894) tested further the relationship between varieties by 
pollinating about one hundred blossoms of Wolf with pollen from six 
different varieties. Those blossoms pollinated with Hiawatha (Prtmus 
americana) bore fruit which *‘were superior in size and quality to all the 
rest,” as contrasted with those of Early Red which set no fruit. Com- 
menting upon experiments of this nature he states (Heideman 1895) 
that ‘‘the union of such crosses as possess the proper degree of affinity 
will prove fertile, while the union of those lacking in affinity will prove 
sterile/' He further found that “if all of the flowers of a cluster are 
pollinated legitimately, they will set fruit, barring accident," — and that 
many plants, especially of P, americana, “had the power of throwing off 
such ovaries as were fertilized by pollen lacking in sexual affinity." 

A careful study of the^data in table ii, in which are shown a large 
number of interspecific combinations, will show in a general way the 
influence of the so-called “affinity" or genetic relationship upon the set- 
ting of fruit and especially upon the third drop. While no attempt has 
been made in this connection to determine by means of crossing the 
relationship of any considerable number of varieties, something of the 
extreffies in relationship are shown by these crosses. The question which 
now arises is, to what extent does the failure of certain combinations to 
develop enter into the falling of pistils at the second and third drops. 
This has been discussed in part in connection with the cause of the June 
drop, but it has been clearly brought out in table 1 1 that some combina- 
tions not only set but develop fruit more readily than others. For in- 
stance, in the cross Minnesota No. 9 X Minnesota No. 12, 537 flowers 
were pollinated and not a single one set fruit. This instance together 
with the general differences shown in many other cases between the 
number of flowers pollinated and those which set fruit show that there 
is a large mortality in all crosses. 

Considering now the differences between the number of fruits which 
set (table ii) and of those which matured, instead of the difference be- 
tween the number of flowers pollinated and of those which set fruit, it 
will be seen that in some of the combinations, as in the cross Compass 
X Yellow Egg, a large number of fruits may set and but few ripen. 
This condition is further emphasized when a number of different crosses 
are made on different branches of the same tree, in which case it is not 
uncommon to get a heavy set on one branch and a light set or none on 
another. The same differences in setting would be expected, if instead 
of keeping the crosses separate by branches the same combinations were 
mixed on different flowers on the same branch. 

One interesting feature of the crosses listed in table 1 1 is the difference 
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in time of dropping in certain combinations, the size of the fruit indi- 
cating definitely that fertilization has occurred. Generally the abscission 
of pistils in which fertilization has occurred takes place at about the six- 
week period; but in the cross Compass X Yellow Egg, for instance, 
nearly the whole crop fell about one week before maturity but not until 
nearly the full size had been reached. 

So far the discussion has dealt with arrested development during the 
formation of pollen or pistil, between pollination and fertilization, and 
after fertilization. That this is not the complete series is shown by the 
fact that in the seed-bed a much higher percentage of seeds of some 
combinations fail to grow than of others, — even when left in place for 
two seasons. Reeves (1917) in the Report of the Vineland Station for 
1916-1917 found out that out of a total of 19,400 seeds planted only 813 
germinated, — approximately i in 24, — and that in some varieties none 
grew even though as many as 2000 seeds were planted. These results 
agree with those at the Minnesota Fruit-breeding Farm, where, in over 
1 50 parent combinations including many interspecific crosses, there were 
great differences in the number of seeds to germinate. The plum is not 
unusual in the small percentage of viable seeds. East (i9i5|^ound 
that germination in Nicotiana varies from 20 to 60 percent, and in Oeno- 
thera, Davis (1916) found a high percentage of seeds which were not 
viable. 

Instances such as these appear to support the hypothesis that certain 
factor combinations are able to develop only so far, — some failing in the 
zygote, some in the embryo, and some not until the time of formation 
of the ovule or of the pollen. 

In addition to the cross relationship it has been held by some investi- 
gators that there is still another influence bearing upon the sexual status 
in the plum, namely, a tendency toward dioeciousness. This contention 
has been based upon the variation in style- and filament-length found in 
different trees in native species. Since dioeciousness was shown to have 
a direct bearing upon sterility in the grape (Booth 1902; Beach 1898, 
1899; Dorsey 1914) and in the strawberry (Valleau 1918), the con- 
dition in Prunus reported by Heideman (1895) has been investigated 
further. 

Heideman illustrates the following flower types in the plum: (a) the 
dichogamous type in which the stigma passes the receptive stage before 
the pollen is shed, and the reverse in which the pollen is shed before the 
stigma is receptive; (b) heterostyled types, those in which the pistil is 
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longer than the stamens, and the converse in which the stamens are 
longer; and (c) the bisexual group, which may be regarded as the ex- 
treme expression of the heterostyled types, in which stamens on one 
hand and pistils on. the other are functionally suppressed. All of these 
types have been found in this investigation, but those of the third class 
are encountered so rarely that their significance from the standpoint of 
dioeciousness may be questioned. 

In order to determine the degree of variation in the flowers of Prunus 
americana, a survey was made of the flower types borne by wild plants 
growing along roadsides and in gullies in the region bordering the Min- 
nesota River west and south of Minneapolis. Heideman also made his 
observations of this species along the Minnesota River at New Ulm, 
sixty miles or so farther up-stream. The data obtained in this survey 
of over a hundred miles of road or river bank are presented in table 12. 

Table 12 

A summary of data obtained in a survey of the flower condition in zi2 native trees of 
Prunus americana, showing the variability in pedicel^, stamen- and style-length. 

The data on the variation in the length of stamen and style (pistil) 
are presented in the table in such a way as to show the relation 
of the length of these structures to that of the pedicel. 
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to short. Pistil- and stamen-length apparently bear no constant relation 
to pedicel-length, since when the pistil or stamens are long the pedicel 
may vary from long to short. 

Furthermore, the occurrence on occasional trees of partial pistil sup- 
pression, while producing functionally a staminate flower, is so \'ariable 
as to have little significance in relation to evolutionary changes. In case 
of complete stamen suppression a functionally pistillate flower is like- 
wise produced, but these cases are also rare. 

The status of length relationship between stamen and pistil therefore 
appears to be that of independently varying structures. If dioeciousness 
is gaining expression in this species, as is contended by Heideman, 
flower structure has not as yet been sufficiently changed so that there are 
distinct pistillate and staminate flowers, although the stamen and pistil 
are of equal length in less than one-third of the flowers. Self-sterility, 
on the other hand, is prevalent in all flower types, and results in the same 
necessity of crossing as dioeciousness. Differences in length in a struc- 
ture, at least up to a certain point, do not necessarily influence its func- 
tioning, but it is probable that in the case of the pistil, other things being 
equal, long styles would render fertilization more uncertain than short 
ones, when conditions at bloom were unfavorable. 

It yet remains to be seen in how far the condition in the plum can be 
assigned to genetic causes and how far to nutrition. In this investiga- 
tion the problem has been approached primarily from the genetic stand- 
point. It is probable that the two methods of approach are not as in- 
compatible as may at first appear, and it is not the intention to mini- 
mize in this connection the bearing of those considerations broadly 
grouped under physiological influences. 

Fruit development in the plum is apparently more dependent upon 
normal seed development than in some other fruits. In the apple there 
is considerable variation in seed development in different varieties, and 
the relation of seed development to size has been emphasized by Waite 
(1894), Kraus (1915), Heinicke (1917) and others. In fact, fruit 
formation without seeds or even with only rudimentary carpels is not 
uncommon in the apple. Seedless grapes occur in a number of species 
but particularly in V. vimfera, and have long been a matter of comment 
by horticultural writers. A similar relation between seed formation and 
size prevails in the grape and the apple. The condition in the plum, how- 
ever, in which typically a single seed is matured, and in which the stimu- 
lus to development must come from a single seed instead of from many. 
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appears to be more sharply defined. In fact, it has been shown that de- 
velopment may stop at any time between fertilization and maturity. This 
being the case the genetic relationship would be a more decisive factor 
than in a fruit in which ther^ are many seeds or in which seed develop- 
ment is less essential to fruitfulness. 

In order to get at the question at issue, suppose for the moment that 
fertilization has taken place in all of the pistils on a plum tree and that 
all set. The question is, could all pistils develop into mature fruits? If 
this were possible, a single spur such as that shown at N, plate 4, would 
have to bear approximately three quarts of fruit (assuming 18 plums 
per quart), or at each node, as at L and M, plate 4, six to nine plums 
would have to be borne. For physical reasons alone such fruit produc- 
tion as this could not take place on the entire tree or even on a single 
spur. What fg^ctors enter, then, to reduce the number of fruits? 

Among the first to suggest itself is competition for available food. 
But it is not clear why competition alone would be the deciding factor 
in view of the possible adjustment as to size which takes place when the 
nutnber of persistent fruits is large. This adjustment within a variety 
may be so great as to make a difference on the basis of size of between 
18 and 48 plums per quart. Again if only one pistil in ten sets fruit 
(the approximate ratio in the cases shown in table ii is one in four to 
set and one in ten to mature), would there be any necessity for s third 
drop on the basis of competition for available food? It is conceivable 
that competition would be considerably reduced if only one in ten were to 
set fruit, but from table ii it will be seen that even this reduction in 
pistils does not necessarily prevent a further loss. 

A study of fruit development at various stages shows some interest- 
ing adjustments in the plum. In the terminal positions on the one-year 
wood, as has been noted, vegetative growth is given emphasis over fruit 
production. On the native species — excepting P, Besseyi — ^the greater 
amount of fruit is produced on two-year-old wood. In either case there 
are instances where the tenninal positions appear to favor some buds 
and fruiting growths over others. As a result, there is considerable vari- 
ation in the time of opening of different flowers on a tree and hence in 
the receptiveness of different stigmas. Consequently some pistils are not 
only pollinated before others but in some fertilization occurs earlier than 
in others. Differences in time of fertilization, other things being equal 
is no doubt the most important single factor, — not even excepting differ- 
ences in position, — in enabling one pistil to gain the ascendency over 
others. The size differences in pistils are pronounced at the time of early 
bloom but become even more conspicuous after fertilization. 
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In a very detailed analysis of the factors influencing the abscission of 
flowers and partially developed fruits in the apple, Heinicke (1917) 
shows that position, nutrition and seed development are important con- 
siderations, but these were not carefully checked by him with reference 
to fertilization and genetic combinations. Pieters (1896) found that 
the effect of fruit-bearing upon the tissues is local, being confined in the 
plum and peach to “a small area in the immediate neighborhood of the 
fruit-stalk,'’ but that in the apple and pear the effect is ‘‘perceptible 
throughout the one-year-old shoot." The local effect on the wood cylin- 
der disappears in time. Even these adjustments, which are largely a re- 
sult of differences in nutrition, do not create a condition which results 
in fruit setting only in certain positions, which would tend to be the 
case if competition were the determining factor. 

Therefore, with the evidence at hand from controlled crosses in addi- 
tion to that from the studies of pollen and pistil, the interpretation that 
normal development is determined by the factor combination either in 
the IX or 2x condition appears justifiable. The influence of unfavorable 
factor combinations upon the June drop is especially direct in the plum, 
since there is but a single ovule which develops or not as the case may be. 
The case is different in the apple where many seeds may develop but one 
or more may be sufficient to furnish at least a partial stimulus to de- 
velopment. When there is a heavy setting of fruit resulting in increased 
competition for a relatively limited food supply, the uncongenial factor 
combinations are the first to cease development, and they are not saved 
either by a favorable position on the twig or by early fertilization. The 
difference in the time of falling at the third drop, although becoming 
less and less as maturity is approached, can be explained on the basis 
that some combinations can proceed farther in development than others. 
Also the greater relative number which fall at the third drop when the 
set is heavy would be expected, because there would be a larger number 
of combinations which could not develop beyond a certain point when the 
competition was most acute. Moreover, if this hypothesis is correct, it 
would appear that some combinations could be carried much farther 
under especially favorable conditions of nutrition than under adverse 
conditions. Finally, in order to check definitely the influence of position 
upon nutrition, careful attention would have to be given to the selection 
of homozygous material. 

The type of sterility in the plum 

The phenomena of self-sterility and cross-sterility in the plum have 
much in common with those reported in other forms. The outstanding 
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features are: (a) the constancy of expression of self-sterility even in 
P, domcstica in which about one-half of the varieties are self-fertile; 
(b) the occurrence of cross-sterility (table ii) ; and (c) the slow growth 
of pollen tubes under the condition of self- and cross-sterility. 

Stout (1916) has divided the cases of sterility reported to date into 
three groups: sterility from impotence, sterility from incompatibility, 
and sterility from embryo abortion. These are subdivided to include 
variations within each group. Sterility of both the second and third 
types appears in the plum. The type of sterility from incompatibility is 
comparable to that reported in Secale by Jost (1907), in Nicotiana by 
East (1915) and by East and Park (1917), in Cichorium by Stout 
(1918), and in the apple by Knight (1917). Embryo abortion, found 
to be so common and to contribute so largely to the June drop, has been 
reported in the plum by Waugh (1899), ^^d also in a number of other 
forms, such as the apple (Kraus 1915), and Oenothera (Davis 1915 a, b, 
1916). 

On account of the occurrence in Prunus of self- and cross-sterility, of 
the type characterized by slow pollen-tube growth, the results of previous 
studies of pollen germination are of especial interest. Attempts to germi- 
nate pollen in nutrient media have shown generally that a considerable 
number of grains do not send out tubes (Waugh 1900, Goff 1901, 
Gardner 1913, Valleau 1918, and East and Park 1917). The nut- 
rient requirements of pollen tubes are not as yet well enough known to 
determine whether all grains of normal appearance can be made to germi- 
nate. While germination tests may be suggestive as to the viability of 
pollen, they do not serve as an index to cross- or self -relationship nor 
can the exact line between normal and aborted pollen be drawn as yet by 
this method. Judging from the general appearance of plum pollen-tubes 
formed in artificial media and on stigmas, there appears to be no ques- 
tion that true tube formation occurs in artificial media even though tube 
growth has been short in the media used. The conspicuous knotted and 
twisted terminations of apparently normal tubes found in the artificial 
germination tests, comparable with those illustrated by Goff (1901) 
throw some doubt, however, upon the pollen-tube growth being normal 
beyond a certain length. The point has been emphasized by Stout 
(1916) and East and Park (1917) that in the most carefully con- 
trolled germination tests in nutrient media, the maximum tube growth 
required for fertilization has not as yet been reported. 

East and Park (1917), in a careful review of the studies on chemo- 
taxis conclude that there is “certainly a probability^ that pollen tubes 
show this phenomenon, but in their experiments in which parts of the 
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^"gynaecium"’ were placed in the media the results were negative al- 
though there was some evidence of increased tube growth. Stout 
(1918) suggests that a ‘‘critical period in the growth of the pollen tube 
may result from secretions of the egg and that the different qualities 
of the pistil may be due to the diffusion of hormones from the gameto- 
phytes.^’ The plum furnishes some evidence upon this point. The larger 
aborted pistils in the first drop become receptive even though the ovules 
are aborted. Pollen tubes grow in these before the flower drops. In 
one case, in a hand-pollinated pistil of P. Besscyi what appeared to be a 
tube was found in the carpel cavity near the aborted ovule. Tube growth 
has also been found in other pistils, open-pollinated, in which both ovules 
have aborted late before bloom. Instances like these would appear to 
preclude the possibility of a stimulus influencing tube growth coming 
from a normal egg, since in these cases development of the embryo sac 
had not proceeded to the formation of the egg. 

The failure of so many normal-appearing grains to germinate on the 
same stigmas on which other grains do germinate, as is the case in the 
plum, raises the question as to the location of those factors which de- 
termine germination or non-germination. Jost (1907), East (1915), 
Stout (1917), and others have emphasized the fact that the pollen tube 
is a ijr structure nourished from the 2x tissues of the sporophyte. This 
relationship is the same in self- and cross-pollination. East and Park 
(1917) found considerable differences in tube length in Nicotiana and 
ascril^ed this condition to differences in the time of pollination rather 
than to differences in genetic constitution. In controlled crosses in Nico- 
tiana (East 1917) 129 seeds were obtained as a result of the applica- 
tion of 149 pollen grains to the stigma. This is a surprisingly high pro- 
portion compared with results with the plum. A survey of the sections 
of a plum stigma, crossed in the greenhouse, shows that many grains 
were aborted and sent out no tubes, that others were normal in appear- 
ance but did not germinate, that a few sent out short tubes which at the 
time of fixation, 70 hours after pollination, had not extended below the 
stigmatic cells, and that fewer still sent out longer tubes, the longest of 
which extended less than one-half of the distance to the ovule. 

When plum stigmas are first receptive in the greenhouse, they are of- 
ten under the most favorable conditions covered with a conspicuous drop 
of the stigmatic fluid. When pollen is applied to such a stigma, as was 
the case in the above instance, all grains may be considered as entering 
the same substratum. Within as short a time as two to five minutes af- 
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ter being applied, pollen imbibes the stigmatic fluid, and even most of 
the aborted grains become turgid. When the amount of the stigmatic 
secretion is less, or when pollen is applied before receptiveness, there is 
greater unevenness in the matter of coming in contact with the stigmatic 
fluid. Such a condition would undoubtedly result in uneven germination, 
even if all pollen grains were viable. In the plum there appears to be 
another factor influencing germination and tube growth as well as time 
of pollination, because so many normal-appearing grains never germinate. 
This condition indicates that even in a fertile cross some grains are 
sterile, which is easily explained by the assumption that they differ in 
their inherited factors. 

The taking up of the stigmatic fluid must certainly precede germina- 
tion. In this way the protoplasmic contents of all pollen grains come in 
contact with the same substratum within a relatively short time; and 
barring selective absorption the swelling of the grains indicates that this 
is so. The fact that aborted grains do not send out pollen tubes shows 
that the growth response of the pollen comes from the nucleus instead 
of the cytoplasm. Up to this time, the lot of all grains would appear to 
be the same, and the differences noted above in germination and tube 
growth in the pollen of a controlled cross begin at this point. As to 
the style and stigma, that portion through which tubes grow would be 
composed of similar cells. By means of the stigmatic fluid, the gameto- 
phyte furnishes a homogeneous nutrient substance to the pollen, in the 
same way that the anther sap furnished a homogeneous nutrient medium 
to the microspores at an early stage of development. It would appear, 
therefore, that variations in the growth of pollen grains applied simul- 
taneously to a receptive stigma would arise from differences in the pol- 
len rather than in the stigma or style. 

What relation, then, do self- and cross-sterility bear to the iJtr and 2 x 
conditions? Stout (1916) points out that ‘"a plant whose two sets 
of sex organs are completely incompatible is itself derived from the fu- 
sion of two cells that were compatible.” This is also true of complete 
compatibility. This being the case, at what point in the ontogeny of a 
plant do the differences which bring about self-sterility arise? Cyto- 
logical and genetic evidence for the most part point to a remarkable con- 
stancy in descent from cell to cell ; this would be expected to continue in 
the stamen up to the time of the reduction divisions. The cells of the 
stigma and style are formed by somatic division and consequently under- 
go no such changes as are known to take place at the time of chromo- 
some reduction. The ^ gametes arise from cells in the anther which 
are in the Same line of descent as those of the style and stigma, but un- 
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<icr the conditions of self-pollination they bear a changed relationship 
to a once congenial association, and since sterility due to incompatibil- 
ity must occur at this stage, and in this relationship it appears that ge- 
netically there is lacking some factor or substance in the i^ condition 
which is present in the 2x, Whatever the basis for this changed' reU'-^ 
tionship may be, it expresses itself in self- and cross-incompatibility attd 
prevents the union of gametes which might possibly be congenial if 
they were permitted to come together. It appears logical, therefore, to 
assume that the change comes at the time of the reduction divisions; 
even if the change has not as yet been defined in terms of chemistfy and 
physiology. It yet remains to be seen whether breeding experiments 
show an expression of self- and cross-incompatibility sufficiently definite 
and constant to warrant placing this character in the same category as 
others which have been investigated genetically. 

Baur (1911) crossed Antirrhinum molle, which is self-sterile, with 
A, majus, which is self-fertile, and all the plants were self-fertile. 
Both self-fertile and self-sterile plants appeared in the Fg generation. 
Compton (1912) found in Reseda odorata that when self-sterile plants 
were bred inter se the progeny were all self-sterile; some self-fertile 
plants gave only self-fertile offspring when selfed, and other self-fertile 
plants when selfed prcxluced a progeny in which there were approxi- 
mately three plants self-sterile to one self-fertile. Compton held that 
self-fertility in this vspecies is a simple Mendelian dominant. In working 
with Reseda odorata he obtained results from crossing and selfing ex- 
periments which, on account of constancy of expression and the ratios 
obtained, can be interpreted as being in accord with the hypothesis that 
self-sterility is a simple Mendelian dominant to self-fertility. In Cardam^ 
ine pratensis Correns (1912) found a fairly well defined relationship 
as to sterility or fertility when two original parent plants, B and G. 
were pollinated with Fj individuals. On the basis of this relationship 
with both parents, he grouped the 60 plants obtained from this cross 
into four approximately equal classes; fertile with both B and G, 16; 
fertile with B but sterile with G, 16; sterile with B but fertile with G, 14; 
and sterile with both B and G, 14. Likewise, when the F^ plants were 
crossed with the parents they fell into four classes : sterile with B, 28 ; 
fertile with B, 32 ; sterile with G, 30 ; and fertile with G, 30. Correns 
advances an explanation of his results by assuming that units, represent- 
ing chemical substances — ^'line stuffs” — segregate jin germ-cell forma- 
tion. Certain discrepancies in his classes have been noted by Stout 
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(1916) and by East and Park (1917), which, however, do not set aside 
the distinct differences in cross- and self -relationship found to exist. 

East and Park (1917) have presented an excellent analysis of the 
inheritance of self-incompatibility in four species of Nicotiana all of 
which are self-sterile. The data show that as to cross-relationship the 
plants within either a single family or more than one family, can be 
grouped into classes in which each member is sterile with the others 
but fertile with all the individuals of every other class. In the different 
families these intra-sterile classes varied from one to six. These crosses 
show not only that self-incompatibility is inherited but that reciprocal 
crosses are duplicated. Both self- and cross-incompatibility were found 
to be due to slow tube growth. The authors propose a genetic interpre- 
tation of their results in line with recent factorial analysis. On the 
other hand. Stout (1916, 1917, 1918) reports a different status of 
sterility in self- and cross-pollinations in Cichorium. His results are 
interpreted as showing that all grades of self- and cross-incompatibility 
exist in this species. In fact, self-fertility appeared in a family of red- 
leaved Trevios after three generations of self-sterile ancestry. The 
progeny of self-fertile plants do not breed true for this character. Stout 
holds that ‘‘the factors which determine or prohibit successful fertiliza- 
tion in chicory, whatever their essential nature may be, are highly vari- 
able as to degree, specificity, and transmission in heredity.” It will be 
interesting to note from future research in which other forms this same 
condition obtains. 

Backhouse (1912) worked with varieties of P, domestica and states 
that “there is evidence both from analogy and from the results of plum 
hybridization undertaken by Messrs. Laxton Bros, in the past, to show 
that self-sterility is a simple unit character, self-fertility being recessive, 
and that the heterozygote, when self-fertilized, sets a fruit here and there, 
as do Mallard and River’s Early Prolific. 

Later, Sutton (1918) reporting further on the work begun by Back- 
house, says: 

“In view of the recent experiments of others two main questions arise, 

(1) whether self -sterility is a simple Mendelian recessive character; 

(2) whether the older observers were right in considering that in such 
cases self-steriles are fertile with the pollen of any other variety, or 
whether there are not, rather, several classes of individuals, between 
which there is what East has called ‘cross-incompatibility.’ As regards 
the first question there is nothing in our results which negatives the view 
that the property of self -sterility may be a recessive, but until a later 
generation can be tested, the only evidence bearing on this aspect of the 
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matter is the fact that the results with plums and cherries are consistent 
with the supposition that the plants consist of two larger classes, self- 
fertiles and self-steriles, with a smaller number of plants of intermediate 
properties. These and presumably some of the self-fertiles may be sup- 
posed to be heterozygous. The self-fertile class forms a fairly homo- 
geneous group, and the occasional indications of partial self-fertility 
are probably attributable for the most part to errors.” 

Self-sterility tests indicate a different condition in the varieties of the 
American species of plum. The uniform occurrence of self-sterility indi- 
cates that this condition is dominant in the species tested. The limited 
data available show that besides the large group of self-sterile varieties 
(with only two possible exceptions) there are also cross-fertile and cross- 
sterile groups, as in Nicotiana and other species. So far, however, the 
limits of these last two groups have not been determined experimentally. 

It will be seen, therefore, that while the physiology of tube growth is 
as yet only partly understood, much has been learned of self- and cross- 
incompatibility as a result of cytological and genetical studies. Inheri- 
tance studies of sterility show the behavior of this character to be quite 
in keeping with that of others which have been investigated genetically. 
There would seem to be no question concerning the segregation of a 
character at the time of the reduction division which produces a differ- 
ence between pollen tube and stylar tissue, which, as East and Park 
(1917) state, results in a type of sterility that is merely a physiological 
impediment. The type of self- and cross-sterility in the plum, there- 
fore, is comparable with that in other forms and can be ascribed to slow 
tube growth. 


SUMMARY 

Self-sterility tests jn the plum show that the varieties of the American 
species are self-sterile. This condition, therefore, has an important com- 
mercial bearing. 

In Minnesota pollen development proceeds no farther in the fall than 
the archesporial-cell stage and growth in the spring begins about the 
first of April. 

The haploid chromosome number was found to be ten in nine varie- 
ties representing seven species. 

The tissues of the mature anther develop and function normally so 
that there appear to be no influences from this source which would con- 
tribute to pollen abortion. 

The pollen mother-cell wall persists after rounding up in the mother- 
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cell until as late as the formation of the microspores. During the period 
of enlargement in the anther cavity these walls stretch and thus do not 
interfere with anther expansion or microspore formation. 

The tetrad wall in section appears as a thin layer or membrane in 
close contact with the mother-cell wall and separates from it first at the 
angles and narrow ends of the pollen mother-cell. This wall thickens 
subsequent to the heterotypic division and forms the thick wall char- 
acteristic of the tetrad before the liberation of the microspores. 

A thin wall is formed about the microspore before liberation from 
the tetrad wall and the three sutures with a single germ pore in each 
appear as thickening in the pollen wall begins. The mature grain is char- 
acterized by thick walls, with a furrowed surface, and fimbriated mar- 
gins to the germ pore. The tube nucleus and the generative cell are 
much contracted in mature grains and are found near the center at the 
time of dehiscence. 

Normal pollen development is typical of the plum and, while many 
aborted grains are found in all varieties under investigation and in some 
supposedly pure species, pollen abortion is not a cause of sterility except 
in rare instances where suppression is complete. 

The earliest evidences of suppression were found immediately follow- 
ing the heterotypic division in an extreme hybrid. In other varieties 
suppression began after miscrospore liberation from the tetrad wall and 
grains were found in which suppression had taken place at all stages up 
to maturity. The percentage of aborted pollen was higher in hybrids 
than in species supposed to be pure. 

In many of the hybrids pollen was found to break up into yellowish 
oily globules. This substance- accounts for the fact that pollen of some 
varieties is ‘‘sticky'’ at dehiscence and is not readily blown away by wind. 

Stamens may metamorphose into either petals or pistils but in the 
anthers affected new types of aborted pollen are not found. 

In general the status of pollen development in the forms under in- 
vestigation showed that neither self- nor cross-sterility could be ex- 
plained upon the basis of pollen abortion. 

Pistil development in the fall showed no evidence of the growing 
point from which the ovule is formed, but at bloom the ovary may con- 
tain two ovules in each of which there are four to eight nuclei. Typi- 
cally, either before or soon after bloom one of the ovules is suppressed 
but many variations were found in the degree of growth before sup- 
pression. 
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Pistils were found to drop in three waves which are separate and dis- 
tinct in point of time and size. 

The first drop takes place immediately after bloom. In all flowers 
which drop at this time the pistils are aborted. In some abortion oc- 
curred so early that the pistils were no longer than five millimeters, in 
which case the pistil at bloom was always brown. In other flowers the 
pistils were nearly normal in size, but in these both ovules were aborted. 
Flowers bearing aborted pistils generally bear normal pollen. 

The second drop takes place from two to four weeks after bloom and 
includes all pistils in which, for any reason, fertilization has not taken 
place. In pistils which fall at this time the conditions in the ovules are 
interesting. The egg remains normal in appearance for two weeks but 
may persist as long as 33 days after bloom. The first nuclei to break 
down in the absence of fertilization are the antipodals, and these are fol- 
lowed by the endosperm nucleus which does not divide when fertilization 
is prevented. The embryo sac elongates only slightly when the egg is 
not fertilized but the canal, into which it lengthens normally, extends full 
length in the nticellus until it reaches the chalaza. The ovary reaches a 
size of two to five millimeters in diameter before dropping. 

The third or **]une drop” follows the second by an interval of about 
two weeks. This drop is characterized by the larger size of the plums. 
Fertilization has taken place but embryo development has stopped. An 
outstanding feature of this drop is the stimulus which results from 
fertilization compared with the second in which this stimulus to develop- 
ment is lacking. 

Emphasis has been placed upon the fact that pollen development in 
the plum is suppressed during the period of growth when the chromo- 
some number is reduced. Abortion can be explained by the assumption 
that when some factor combinations are brought together complete de- 
velopment cannot take place during the haploid condition of the gameto- 
phytic generation. This assumption is supported by the large percentage 
of aborted pollen in known hybrids. 

The suppression of one of the two ovules in each ovary was found to 
be typical. Suppression generally took place before fertilization but 
sometimes afterward : when it occurred before fertilization, growth was 
found to stop at any stage from the megaspore mother-cell to the mature 
embryo-sac. When one ovule was suppressed after fertilization the one 
in which fertilization first took place, other things being equal, appeared 
to gain the ascendency. 
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LEGEND FOR PLATE i 

A, a Sand Cherry hybrid 30 days after bloom. On the branch, a part of which is 
shown, there were 3^2 flowers* Of this number 73 had aborted pistils and only 12 set, 

B, a part of a branch of Prmus americana 30 days after bloom, on which 138 
fruits were set and only 78 pistils dropped. 

•C, a single twig of A (enlarged) showing the persistent calyx tubes and styles. 

D, Minnesota No. 21, 31 days after bloom, showing the size differences between 
those setting and the pistils with unfertilized ovules which have not as yet dropped. 
The smaller plums illustrate the second drop. The calyx tube and style drop earlier 
in this variety than in that shown in C. 
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The reason over fifty percent of pollen may be aborted in forms in 
which only one-half of the ovules are suppressed can be explained on the 
basis that if the nucleus in the axial row of cells which would normally 
function as the embryo sac contains a factor combination which Inhibits 
development its place can be taken by one of the other cells. The sup- 
pression of one-half of the ovules, however, in forms in which there is 
only a small percentage of aborted pollen, indicates that other than ge- 
netic causes enter into this condition in the plum. 

In controlled crosses different combinations set different percentages 
of fruit. In some fertilization does not take place and all pistils fall in 
the second drop, in others fertilization occurs but a part or even all may 
drop. The interpretation is that different factor combinations bring 
this condition about through arrested development. The general rela- 
tionship may be expressed as follows : All varieties under investigation 
were found to be self-sterile, some cross-sterile and others cross-fertile. 

The type of sterility, either self- or cross-, was found to be that termed 
incompatibility, in which gametic fusion is prevented by slow tube 
growth. 

Many normal-appearing grains failed to send out pollen tubes when 
placed on a receptive stigma under conditions similar to those in which 
others developed tubes. Aborted grains never send out tubes, even 
though they take up the stigmatic fluid. 

Thus some pollen grains germinate and some do not under the con- 
ditions of the stigmatic fluid much the same as some microspores develop 
and some do not under the conditions of the anther sap. These differ- 
ences appear to be due to something inherent in the grains rather than 
in their substratum, which either in the case of another sap or stig- 
matic fluid, may be regarded as homogeneous throughout. This condi- 
tion can be explained by differences in genetic constitution. 
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LEGEND FOR PLATE 2 

, I, — Minnesota No. 21. Showing the origin of the tetrad wall adjacent to the tape- 
turn. In the plum the mother-cell wall persists after rounding up in the cytoplasm, 
but in the grape it is dissolved in this process. 

2. — P. angustifolia. A tetrad showing the origin of the microspore wall. 

3. - — Minnesota No. 21. A drawing: of the germ pore anid suture at the one-nucleated 
stage of the micros^re. 

4. — ^The vegetative nucleus and generative cell in the mature i)ollen grain. 

5', — Minnesota No. 21. The vegetative nucleus and generative cell immediately 
after reorganization following division in the microspore nucleus. Compare with 
6, 7, 8, 9 and 10. 

6, 7. — Minnesota No. 21. The generative cell of a pollen grain which did not 
germinate. The stigma was self-pollinated twenty-four hours before killing for 
sectioning. 

8. — Minnesota No. 21. A contracted generative cell in mature pollen. Note the 
relative size of the vegetative nucleus and the generative cell. 

9. — The generative cell in the final stage. In this section the generative cell has 
so contracted that only the nucleus is visible and the nucleolus can seldom be made out. 

16. — Same as 9, another variety. 

11. — A pollen tube in the micropyle showing what is probably the generative nu- 
cleus and also the cross partition in the tube. 

12. — P, Besseyi X P. armenica. A dyad with only one nucleus organized. These 
instances are rare. The grain adjacent showed a similar condition. 

‘ 13.— P. Besseyi X armenica. Showing the scattered condition of the chromatin at 
e!aHy metaphase of the heterotypic division. 

; P. Besseyi X P. armenica, A tetrad with an extra, small nucleus and also the 
heavily staining bodies in the cytoplasm. 

15. — P, Besseyi X P. armenica. An intermediate stage in tetrad degeneration in 
which extra nuclei and rings appear in addition to the deeply staining bodies. 

16: — P. Besseyi X P. armenica. A final stage in tetrad nuclear degeneration in 
which none of the nuclei are reorganized. The remnants of spindles indicate that 
division has taken place. Extreme cases like this suggest a connection between the 
rings in the cytoplasm and chromatin. Some of the spherical bodies can be inter- 
preted as small nucleoli. 

17. — Minnesota No. 21. The nucleus of a microspore at diakinesis showing the 
size at this stage compared with nuclei in the mature pollen as in 4. 

18. — P. Besseyi X P. armenica. A drawing of a tetrad showing three small nuclei 
in one lobe, where typically there should be only one. 

19. — P. Besseyi X P. armenica. Liberated tetrads showing the extreme contrast in 
size soon after liberation. The smaller one has no nuclear membrane and can be 
interpreted as representing an early-aborted stage. The germ pore is forming in the 
larger one before there is much thickening in the wall. 

20. — Minnesota No, 5. The winter stage of the pistil as it appeared March 22. 
There is as yet no growing point in the carpel cavity from which the ovules develop. 

.21. — Burbank, Illustrating the general morphology of the ovule 5 days before bloom. 

22. — Cross section of plum showing the embryo, cotyledons, unabsorbed nucellus (a), 
stone tissue (b), and suppressed ovule (c). 


(Legend for plate 2 continued on page 484) 
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LEGEND FOR PLATE 2 (Continued) 

23. — Minnesota No. 35. An egg 24 days after bloom. There is less disintegration 
than in 24. 

24. — Minnesota No. 35. An egg 34 days after bloom. At this stage the canal 
through the nucellus extends to the chalaza but there has been only a slight elonga- 
tion of the embryo sac. The egg is the only cell remaining in the embryo sac. 

25. — Minnesota No. 35. The appearance of the egg 12 days after bloom, the stigma 
being snipped before pollination. In this case there has been no elongation of the 
egg sac and the cytoplasm of the egg appears vacuolated. The full number of nuclei 
could not be found in the embryo sac. 

26. — Minnesota No. 35. Same as 25 except that the embryo sac has elongated to 
half the distance through the nucellus and the egg shows further evidences of dis- 
integration on account of its vacuolization and irregularity. 

27. — Minnesota No. 35. An embryo 24 days after bloom in a plum which appeared 
to be setting normally. 


LEGEND FOR PLATE 3 

Photomicrographs showing the pollen condition in some extreme plum hybrids. 

A. — ^Wohonka X Cherry (P. tri flora X P- americana) X P. cerasus, 

B. — Opata, P. Besseyi X (P. triflora X P* Munsoniana). 

C. — Satsuma X Compass, (P. triflora X (P. Besseyi X P. hortulana Minen)), 

D. — P, Besseyi X P- Sinwni. Note the advanced stage of the breaking down of 
pollen into globules. 

E. — Wolf, P. americana mollis. An early stage of the breaking down of pollen 
into globules. The walls are affected first. 

F. — Opata, P. Besseyi X (P. tri flora X P. Munsoniana ?). 

G. — Burbank, P. triflora, 

H. — P. Pissairdi. 

I. — Minnesota No. 21, (P. triflora X P. americana mollis). 

J. — Minnesota No. 17, (P. triflora X P. americana mollis). 

K. — Kamdesa. 

L. — Chokecherry, P. virginiana. Pollen rarely aborted. 



Dorsey, M. J., A study of sterility in the plum 


Plate 3 



Genetics 4 : S 1919 



A STUDY OF STERILITY IN THE PLUM 485 

\XjOFF, E. S., 1895 Blossoms of the plum and apricot. Wisconsin Agric. Exp. Sta. 

^ Ann. Rept. 12 : 300-303, fiff- 37- 

igoi a Native plums. Wisconsin Agric. Exp. Sta. Bull. 87, 31 pp., 12 fig. 

1901 b A study of certain conditions affecting the setting of fruits. Wisconsin 
Agric. Exp. Sta. Ann. Rep. 18:289-303, figs. 61-80. 

Hedrick, U. P., 1908 The relation of weather to the setting of fruit; with blooming 
data for 866 varieties of fruit. New York Agric. Exp. Sta. Bull. 299, pp. 
59-138. 

Hedrick, U. P., et al., 1910 The plums of New York. New York Agric. Exp. Sta. 
Ann. Rep. 18, pt. 2, 616 pp. Illustrated. 

Heideman, C. W. H., 1894 Secondary effect of foreign pollen. Minnesota State 
Hort. Soc. Ann. Rep. 22 : 188-190. 

UfoQS Classification of the sexual affinities of Prunus americana. Minnesota 
State Hort. Soc. Ann. Rep. 23 ; 187-195, pi. 1-2. 

IIeinicke, Arthur J., 1917 Factors influencing the abscission of flowers and par- 
tially developed fruits of the apple {Pyrus malus L.). New York (Ithaca) 
Agric. Exp. Sta. Bull. 393, pp. 45-113, figs. 1-8. 

JosT, L., 1907 t)ber die Selbststerilitat einiger Bliiten. Bot. Zeit. : 77-117. pi. i. 

JuEL, H. O., 1900 Beitrage zur Kenntnis der Tetradentheilung. Jahrb. wiss. Bot. 35 : 
626-660, pi. IS- 16. 

Knight, L. I., 1917 Physiological aspects of self-sterility of the apple. Proc. Amer. 
Soc. Hort. Sci. 1917 : 101-105. 

Kraus, E. J., 1915 The self -sterility problem. Jour. Heredity 6 : 549-557, fig* 7^9* 

Levine, M., 1916 Somatic and reduction divisions in certain species of Drosera. Mem. 
New York Bot. Card. 6 : 125-147. 

Loeb, j., 1918 Chemical basis of correlation. Bot. Gaz. 65 : 150- 174. 

^/^ORD, O. M., 1894 Native plums. Minnesota State Hort. Soc. Ann. Rep. 22 : 62-65. 
1899 Minnesota City trial station. Plums. Trees, Fruits and Flowers of Minne- 
sota 27 : 271-272. 

Moore, C. W., 1917 Self-sterility. Jour. Heredity 8 : 203-207, fig. 2-4, 

Morgan, T. H., 1914 Heredity and sex. Ed. 2, 248 pp., 121 fig. New York ; Henry 
Holt & Co. 

Muller-Thurgau, H., 1898 Abhangigkeit der Ausbildung der Traubenbeeren und 
einiger anderen Friichte von der Entwicklung der Samen. Landw. Jahrb. d. 
Schweiz. 12: 135-205, pi. 4. 

1908 Seedless grapes and orchard fruits. Landw. Jahrb. d. Schweiz. 22:564- 
597, figs. 7. 

OsTERW ALDER, A., 1910 Blutcnbiologie, Embriologie und Entwicklung an Frucht un- 
serer Kernobstbaume. Landw. Jahr. 39:917-998. 

PfcHOUTRE, F., 1902 Contribution a Tetude du developpement de Tovule et de la 
graine des Rosacees. Annales Sci. Nat. 16:1-158. 

Peters, Reg. W., 1916 Pollinating fruit trees. Jour. Heredity 7 : 365-369, fig, 10. 

Pieters, A. J., 1896 The influence of fruit-bearing on the development of mechanical 
tissue in some fruit-trees. Ann, Bot. 10:511-529. 

U^Reeves, F. S., 1917 Plums. Rep. Hort. Exp. Sta. Vineland Sta. Ontario, 1916 - 
1917 : 21 - 23 . 

Rosenberg, O., 1909 Cytologisdhe und morphologische Studien uber Drosera longu 
folia X rotundifolia. Kungl. Svensk. Vetensk, Akad. Handl. 43 : 1-64, pi. 1-4. 

Stout, A. B., 1916 Self- and cross-pollinations in Cichorium intyhus with reference 
to sterility. Mem. New York Bot. Card. 6:333-454, pi, 30, 


Genbtics 4: S 1919 



4S6 


M. J. DORSEY 


LEGEND FOR PLATE 4 

A. — ^An advanced stage of petalody in a P. tri flora cross. The normal petals have 
been removed. 

B. — Petalody in a cross between Compass and Satsuma. The normal petals have 
been removed. 

C. — ^An extreme instance of pistillody in a hybrid, parents uncertain. 

D. — ^Pistillody in a P, triflora cross in which only part of the stamens are affected. 

E. — Embryo abortion in a cross between Compass and Yellow Egg. These plums 
abscissed at the base of the plum and fell two weeks or so before maturity. The 
embryois in these cases aborted early in development but the plums reached nearly 
the normal size. 

F. — A series showing the extremes in embryo growth in plums which were falling, 
in a cross between Minnesota No. 21 and Burbank, 82 days after pollination. These 
plums ^^ere 15 to 20 mm in diameter and the stone tissue was hard. In one seed 
of which' sections were made the embryo was only 16 cells across. 

G. — Ovule development in Stella (F. americana X F. triflora). The embryo can 
be found in only an occasional seed of this size but fertilization has taken place. 
The seed coats are brown on the three at the right. These plums were falling about 
one month after bloom. 

H. — The relative size of the two 'ovules in a cross between Minnesota No. 21 and 
Burbank. At the extreme right both embryos are fertilized and are of nearly equal 
development. In each of the others one is being suppressed but not until an enlarge- 
ment has taken place approximately equal to that in the unfertilized pistils. 

I. — The variation in the suppressed ovules in Stella compared with the normal de- 
velopment at the left. In this variety two seeds are often found in a pit and there is 
generally a partial development in the suppressed ovule. 

J. — The suppressed ovules in Assiniboin (F. nigra). The normal seed is shown at 
the left. The difference between Assiniboin and Stella is largely in the time of sup- 
pression. In Assiniboin the second ovule is uniformly suppressed before bloom, so 
there are not normal embryo sacs to carry enlargement forward to the size of un- 
fertilized ovules. 

K. — ^A series in embryo development when English Morello was crossed with Com- 
pass. Those fruits with aborted seeds grew to nearly the normal size but turned yel- 
low and fell before maturity. Fertilization had taken place. 

L. M. — Fruit buds borne in one-year-old terminal twigs. These seldom set fruit 
in the plum. If all flowers at each node set fruit there would be 6 to 12 fruits borne 
at each node; — ^this is physically impossible on account of the weakness of the twigs 
if not from the standpoint of nutrition. L, Minnesota No. 21. M, Surprise. 

N. — Fruiting spurs borne on the two-year wood of Burbank. There must also be 
a great reduction in the number of flowers borne on each spur as at each node on 
the one-year wood. These instances illustrate the profuse production of flowers in 
the plum. 
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LEGEND FOR PLATE 5 

A. — P, virginiana. Showing nearly an even development of both ovules at bloom. 

B. — P. virginiana. The suppression of one ovule before fertilization, 

C. — Cheney. The suppressed ovule ii days after bloom. This is an extreme case 
of degeneration in the nucellus. 

D. — Minnesota No. 12 X Minnesota No. 21. The crowding of the suppressed ovule 
17 days after pollination. 

E. F, — Manitoba. The condition of the ovules in flowers with aborted pistils which 
fell soon after bloom. 

G. — Minnesota No. 35. Showing the slight elongation of embryo sac 14 days after 
bloom when pollination was prevented by snipping the stigma. 

H. — Minnesota No. 35. A later stage of G, showing the extension of the embryo 
sac 23 days after bloom. 

I . — ^Yellow Egg. Self-pollinated. Illustrating the embryo development two months 
after pollination and the three tissues in the seed, namely, a, embryo; b, endosperm; 
c, nucellus; and d, integument. 

J. — Minnesota No. 35. The extension of the canal in a pistil 34 days after bloom in 
which fertilization had been prevented by snipping the stigma. Compare the slight 
embryo-sac extension with G and H. 

K. — Assiniboin, Showing abscission layer at base of plum 12 days after bloom. 
Pistil from one-year terminal shoot. In this pistil fertilization has not taken place 
and the egg is degenerating. Plums of this type constitute the second drop. 

L. M. — Minnesota No. 21. Pollen on a self-pollinated stigma 24 hours after pol- 
lination. Tree grown in greenhouse. Note the pollen-tube growth in self-pollinated 
stigma. Some normal-appearing grains have not germinated. Aborted grains have 
not sent out tubes and the empty coats of grains that have germinated are still present. 



Dorsey, M. J., A study of sterility in the plum 
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THE GENESIS OF TWINS 


R. A. FISHER 

Great House Cottage, Bradfield, Berkshire, England 
[Received April 2, 1919] 

In 1905 an investigation of the resemblance which exists between 
twins, was carried out by Edward L. Thorndike (1905) of Columbia 
University. The work was well designed to elucidate the extent and the 
nature of the resemblance between twins of school age, both in mind and 
body. Nevertheless the results differ so widely from expectation upon 
the current theories of heredity and the genesis of twins, that they have 
not been incorporated among the generally recognized facts of inheri- 
tance. It is proposed to examine the results from this point of view, 
and to suggest a theory of the genesis of twins which appears to reconcile 
the differences. 

The correlations found in six mental traits range from .69 to .90 with 
a standard error of about ±.05, while the eight physical traits range 
from .71 to .86 with a standard error ±.06. There is thus a consider- 
able degree of agreement between different traits, and a general level 
of correlation not far from .80. This is an astonishingly high value. 
Fraternal resemblance is usually not far from .54, so that 46 percent of 
the variance of the population occurs within the sibship; according to 
these figures, variance within the twinship must be rather less than half 
this quantity. 

Upon the supposition that some of the twins are related fraternally 
and some are identical, the latter contributing little or nothing to the 
variance, at least half of the 50 pairs of twins covered by this investi- 
gation must be identical twins. This suggestion is supported by the dis- 
tribution of the sexes, for out of 50 pairs of twins only 9 are of differ- 
ent sexes. Nevertheless it is quite incompatible with the actual figures, 
as Thorndike has shown under the heading “Specialization of re- 
semblance.” 

It is impossible to pick out any pair of twins, much less any large 
group of twins, which resemble each other closely in all features. But 
we can go further than this. The variable used by Thorndike, to 
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measure the resemblance between any pair of twins in any factor is 
r where 


2xy 

,x^ + 

and X and y are the deviations of the two twins. 

When X and y are the coordinates of a point on a plane, r is constant 
along any line passing through the origin, that is along any diameter 
of the frequency distribution. If 0 is the angle between this diameter 
and either axis the distribution of the values of r may thus be used to 
investigate the frequency surface. 

The distribution of the observed values of r is peculiar; there are con- 
centrations at both extremes, especially near to -f-i ; of 234 values de- 
rived from 39 pairs of twins for 6 physical traits, no less than 102 are 
above .895, and of these 27 exceed .995. Thorndike suggests that the 
form of distribution of twin resemblance is a unimodal curve compar- 
able with that for the number of children in different families, but in 
this he overlooks the effects of sampling. 

For a perfectly homogeneous, normally correlated population, the 
chance of any observation falling within the range dx dy is 

— 2p xy r* 

: — s2 

I 2<r^ 

df — e dx dy 

2^- < 7 * y I — 

where p is the correlation. If .y be the distance from the centre, and 0 
the angle the radius makes with the axis of x, then 
X = s cos y = .y sin ^ 

dx dy — s d 0 ds 

and 


= ^ ^ 

2770^ V I p^ 


1 — p sin 2 ^ 

j* 

2 (« - />*) 

s d s d 6; 


remembering that sin 2 ^ = r, and d 
it follows that 


dr 

e = — - 

2 Vi — »■* 


1 — pr 8* 


I -* p* 


df- 


27r I — ^ 


S ds . 


dr 


2 Vi — 
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On integrating this expression with respect to ^ from o to 00 the fre- 
quency within the elemental sector dr is 

I c 72 (i, — p^) dr 

* • ' > 

27 r(r%/l — I — pr 2 V 1 — 

but four equal elemental sectors have the same r ; so that the frequency of 
a random sample falling within the range dr is 
Vi — p'‘ dr 


TT ( I — pr) V I — 

This expression specifies the curve of random sampling : by integrating 
with respect to r we obtain for the frequency of samples less than r, the 
expression 


2 I i— p i+r 

/= — tan--^ J ^ . . 

TT I -f- P I — r 

As soon as we examine the curve it is evident that it agrees well with 
the observed values of r. The ordinate becomes infinite at zbi, thus ex- 
plaining the concentrations at the extremes, there is no mode, but the 
expression for the probability integral shows that the median (/ — J/^), 
is at r = p. This is a sufficient guide in fitting the curve to the observed 
data. The medians for the 6 traits range from .80 to .88, and the median 
of the whole group is .85, 

In order to test the agreement between this curve and the observed 
values, the sextiles are calculated from the probability integral and the 
range thus divided into six divisions of equal frequency; the results 
are shown in table i. 

F, the chance of a worse fit by random sampling, Ijeing .46, the distri- 
bution of the values of r is satisfactorily explained as being due solely 
to chance. It is likely, then, that the twins form a homogeneous group, 
with the correlations of the physical traits all not far from .85. 

To make a more thorough test of homogeneity it is necessary to de- 
termine whether there is any correlation between the resemblances of 
the same pair of twins in different traits. For this purpose the variable 
r is not suitable. Its curve of distribution is far from normal and the 


end of its range is so cramped that 12 percent of the observations fall 
into one four-hundredth of the range. In addition the curve changes its 
form rapidly as p is altered, and since we are examining the possibility 
that different pairs of twins are samples corresponding to different values 
of p, it is essential, if the correlation is to be at all intelligible, that the 
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Table 


Sextiles 
^ = .85 

Frequency 

Frequency 

observed 

Difference 


— 1.000 

39 

35 

—4 

16 

— .061 

39 

47 

+8 

64 

+ -609 

39 

36 

—3 

9 

+ .850 

39 

31 

-8 

64 

+ .947 

39 

44 

+5 

25 

+ •9884 

39 

41 

4-2 

4 

4- 1.0000 

X ‘ = 4-67 P = 46 Total 182 


^In this table Thorndike's figures are used without correction; a more complete 
test, using the corrected figures divided into thirteen groups, gives m even higher 
value, P = .701. 


curve, though varying in position, should be approximately constant in 
form. 

It so happens that the distribution 
V I — dr 

df — " • ^ 

w (i — f>r)Vi — ^ 

is capable of a transformation which precisely fulfills these conditions, 

I 4" ^ 

for writing 2^= log, , that is, r = tanh z and p = tanh £ we have 

I — r 

I 

df = — sech (z — dz 

IF 

a curve symmetrical about the centre, K, and falling off exponentially 
when {z — V) is large (figure i). 

The observed values of s may be found either from those of r, or as 
is desirable for high values, directly from the observations, for if x and 

x-^y 

y are the two measurements, g = log, . There remain a few cases 

X — y 

in which the measurements are identical, and s nominally infinite, but 
a consideration of the units in which the measurements are made, and 
of the manner in which the probaWlity of any assigned value of s falls 
off when z — C is large, is sufficient to restrict the value of z, with fair 
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Figure i 

probability to sufficiently narrow limits. The figures obtained in this 
way are given in table 2. 

When the resemblances have been expressed in terms of the new vari- 
able, a correlation table may be constructed by picking out every pair of 
resemblances between the same twins in different traits. The values are 
now centered symmetrically about a mean at 1.28, and the correlation is 
found to be — .016 ±1.048, negative but quite insignificant. The result 
entirely corroborates Thorndike’s conclusions as to the specialization of 
resemblance; it further shows that in the population here considered, 
there are neither discontinuous nor continuous gradations of similarity; 
the population is strictly homogeneous. 

The mean value 1.28, corresponds to p — .856. The transformation 
has not however, been made in order to determine the mean resemblance, 
but to test the homogeneity of the population. The value of the correla- 
tion which best fits the data may be found with less probable error, from 
the product-moment correlations; the mean of the values given by 
Thorndike is .79, and this value is to be preferred to the other. The 
differences in the mean resemblances of the six traits taken separately, 
are not statistically significant. 

Another way of examining the distribution* of resemblance is to take 
the means of the 6 transformed resemblances for each pair of twins. In 
figure 2 is shown the distribution of the 39 means, together with the 
curve of distribution on the supposition of uniform origin. The shape 
and width of this curve do not depend on the position of its centre; in 
the figure it is centred on the actual mean of the resemblances, 1.28. 
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Table 2 
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Figure 2 


For unrelated children the curve would be centered at A(/o = o), for 
brothers we should expect it to be near B(p==.54), and for identical 
twins not far from D(/3 = .96) ; the conclusion that the origin of twins 
is uniform, which we have drawn from the absence of correlation be- 
tween the resemblances of the same pair, is equally demonstrable from 
the distribution of the means. If, for instance, it were supposed that 
some of the twins were of fraternal origin, we should expect half of 
these to lie above and half below the point B. As a fact only 5 in all lie 
below B, so that we cannot reasonably suppose that more than 10 are of 
fraternal origin. Exactly the same argument shows that not more than 
8 are identical twins, leaving at least 21 pairs to be accounted for by 
some new hypothesis. But in taking away the 9 extreme values as fra- 
ternal or identical twins, we have left the remainder with a variance con- 
siderably less than that to be expected from chance alone. There is in 
fact no excess at the extremes to be disposed of : the group is apparently 
quite homogeneous. 

The same conclusion follows if we consider the 8 pairs of twins of 
different sexes. These must supposedly all be fraternal twins; but only 
one of them lies below B. The mean is at 1.04, correvSponding to p = .78, 
slightly lower than the general average, but not unreasonably so for 
such a small sample, even if the different rates of development of boys 
and girls leaves the figures strictly comparable. The results are certainly 
unfavorable to the view that these twins are fraternal. 

Both curves fit the data exceptionally well. For the distribution of all 
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resemblances (figure i) the chance of a worse fit by random sampling is 
,701 ; for the distribution of mean resemblances (figure 2) it is .745. 

The fact that the observations examined critically show themselves 
to be a strictly homogeneous ix)pulation, with correlation much larger 
than that between sibs, requires a new theory of the genetic connection 
between twins. It is here suggested that the facts may be explained by 
the supix)sition that twins ordinarily share the hereditary nature of one 
gamete but not of the other. 

This theory may be tested by the methods explained in a recent paper, 
(F'isher 1919). If the alternative types of gamete of any Mendelian 
character occur in the ratio p:q, then a pair of twins will exhibit dif- 
ferent combinations of the three possible phases, with the frequencies 
shown in table 3. 


Tablk 3 
First Twin 

Second twin Dominant ' Heterozygous Recessive 

Dominant , /’“(/’ + ; 3^2 />- c 

Heterozygous 13/-^ PQ^P + Q.) 3 ^ Pq^ 

Recessive | Yi qp“ ! q^iV^P + q) 


If i, jj and k are the deviations from the mean corresiK)nding to the 
three phases, the contribution of this phase to the product-moment of 
pairs of twins must therefore be 

p\p'+y2q)v‘+p^ q i y+3/2 pq(P+q)P+M'‘ / ii+qyy2p-\-q)k’‘ 

and this reduces to ')-\ where is that portion of variance 

due to this factor which is regularly inherited, and is the remainder 
due to dominance. If mating were at random, then, the correlation be- 
tween twins would be 

3 1 

40-^ 2 

where and are the totals of the elements fi" and 8“ contributed by thd 
different Mendelian factors, and is the sum of and This may 
be compared to the value found for the fraternal correlation, 

IT* I ^ 

2 0 ’^ 4 ^ 

and for the paternal correlation 
I T® 

upon the same assumptions. 
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Neglecting environment, and which is far more important, assortative 
mating, we should have 

t^ 2 f — y 2 p 

where f, and p are the correlation between twins, the fraternal and 
the parental correlations. 

As a preliminary test we may take the figures for stature 

/=- 5433 . P = . 5 o 66 , 
whence t — .8300, 

a result evidently about the right magnitude. 

It would not be correct to be satisfied with this verification, for the 
values of the fraternal and parental correlation could not be so high as 
they are if mating were at random. It will be found, however, that 
assortative mating affects these correlations nearly proportionally. 
Following the methods tefore alluded to, it may be shown that 

/ = — (3 + ^2^) 

4 

where Ci and 6\. are reduction factors for environment and dominance 
respectively, and A the genetic association due to assortative mating. 

The correlation between husband and wife i'^ ]:)rol)ably due to two 
distinct causes, the relative importance of which differs in different traits. 
If it were due to direct selection, which is probably the principal cause 
in the case of stature, we arrive at the formula 

B/’V 

where /* is the marital correlation. Taking fi = .2804, this gives t = .818. 

If on the other hand the marital correlation be due to indirect selec- 
tion, as is apparently the case with span, we have 

^=3/— 3/2 p — 

substituting the values for span, = .1989, p — .4541, / == -535 we 
obtain 

t = .825. 

Evidently the agreement with the actual observations is extremely 
close. 

The theory of the genesis of twins suggested above is in accordance 
with the well known fact that the father plays an important part in the 
causation of twinning. If the twins were formed from separate ova, 
fertilized by two different spermatozoa, it is difficult to see in what 
manner the father could influence their production. In the supposed 
case of identical twins formed by the division of a single zygote, the 
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tendency of the zygote to divide should indeed be inherited equally from 
either parent, but it is not easy to believe that in all the instances of 
paternal influence we are concerned with identical twins. 

In an instance given by Wakley* (1895), of two twin brothers, 
one has a pair of twin sons, and five singly born children, the other 
one son; the former has through his sons three pairs of twin grand- 
children, at least one pair being of opposite sex; the latter one pair of 
twin granddaughters. In this case a tendency to twinning, but not neces- 
sarily identical twinning, is carried by the fathers. 

If we suppose that in certain cases the ovum after maturation is in- 
duced to divide into two identical portions, which are fertilized by dif- 
ferent spermatazoa, not only is the observed resemblance of twins nu- 
merically explained, but the influence of the father is open to reason- 
able explanation. The division of the ovum presumably takes place 
during fertilization, under the direct influence of the two spermatozoa. 

Davenport mentions that besides the families in which the twinning 
tendency is carried by the males, there are other families in which it is 
inherited in the female line. The theory here put forward requires that 
the male and female gametes should be required to play different parts 
in the formation of twins, and the existence of two heritable qualities, 
the one affecting males, and the other females, is a definite confirmation 
of the theory. 

The facts regarding the sex of twins are also in agreement with the 
above theory. It is generally agreed that sex in man is determined by 
the spermatozoon, so that the identity of the ovum does not necessitate 
identity of sex. The preponderance of twins of like sex, does indeed be- 
come a new problem, because it has been formerly believed to be due 
to the proportion of identical twins. So far as I am aware, however, no 
attempt has been made to show that twins are sufficiently alike to be re- 
garded as identical really exist in sufficient numbers to explain the pro- 
portion of twins of like sex. 

At least two circumstances do suggest that twins should be more often 
than not of like sex. For an ovum to divide and unite with two sper- 
matozoa, instead of normally with one, it would seem to be essential that 
the spermatozoa should enter simultaneously and prepare themselves for 
union with equal speed. It may be that the necessary equipoise of at- 
tractive forces is more likely to be maintained between spermatozoa of 
like sex than between those of unlike sex. 

In the second place much evidence has been adduced, for example by 
Heriwig (1912) in the case of frogs, and by Pearl and Parshlev 
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(1913) in that of cattle, that ripeness of the ovum at fertilization is 
a factor in sex determination. This belief is not opposed to belief in 
the determination of sex by the spermatozoa, since it is possible that 
ova at various stages of ripeness exert selection among the gametes 
about to fertilize them. If, however, this belief in the effects of 
ripeness is well founded, it would explain why ova of the same age 
should tend on the whole to develop like sexes. On the other hand, 
if ripeness is an important factor, twins formed from different ova. 
and these must be upon the existing theory the majority of twins, 
should be generally of opposite sex, since ova simultaneously available 
for fertilization would ordinarily differ much in ripeness. 

We may conclude then, that of the ascertainable facts concerning 
twins, the measurable degree of resemblance, the existence of paternal 
influence, the inheritance of male and female tendencies to twinning, all 
favor the supposition as to the origin of ordinary twins here set forth, 
while the distribution of sex in pairs of twins api>ears to present no 
serious difficulties. 


LITERATURE CITED 

Davenport, C. B., 1911 Heredity in relation to eugenics, xi + 298 pp. New York; 
Henry Holt & Co. 

Fisher, R. A., 1919 The correlation between relatives on the supposition of Men- 
delian inheritance. Trans. Roy. Soc. Edinburgh 52 ^: 399-433. 

Hertwig, R., 1912 Uber den derzietigen Stand dcs Sexnalitatsproblems nebst eigenen 
Untersuchungen. Biol Centralbl 32 : 1-45, 65-111, 129-146, 7 # 
Pearl, R., and Parshlly. H. M., 1913 Data on sex-determination in cattle. Biol. 
Bull. 24 : 205-225. 

Thorndike, Edward L., 1905 Measurements of twins. Archives of Philosophy, 
Psychology, and Scientific methods, No. i. vi -f- 64 pp. New York: The 
Science Press. 

Wakley, Thomas, 1895 The influence of inheritance on the tendency to have twins. 
Lancet (London) 2 : 1289-1290. 


Genetics 4 : S 1919 




AN ANALYSIS OF CERTAIN CASES OF INTRA-SPECIFIC 

STERILITY^ 

CLARA J. LYNCH 

Rockefeller Institute for Medical Research, New York City 
[Received May 19, 1919] 


TABLE OF CONTENTS 

PAGE 

Introduction Soi 

Fused 502 

a. Sterility in the fused stock 502 

b. Search for a factor for sterility 5 ®^ 

c. Production of but one sex by fused females 509 

d. Discussion of peculiarities shown by fused 512 

Rudimentary 513 

a. The theories of prematuration and repugnance 5^3 

b. Search for a factor for sterility 521 

c. Additional mutations to rudimentary 522 

Morula ; 524 

Reduced bristle 526 

Dibro 527 

Dwarf 527 

Cleft 528 

General discussion 529 

Summary 532 

Literature cited 533 


INTRODUCTION 

In the course of the experiments upon Drosophila mclanogastcr Meigen 
{ampeiophila Loew) carried on at Columbia University^ a number of 
mutant stocks have been obtained in which either the male or female pro- 
duces few or no young. On account of both its economic and its scien- 
tific interest the general phenomenon of sterility has been the subject of in- 
vestigation and discussion for a period of many years and the mass of facts 
which has accumulated has served to demonstrate the complexity of the 
problem. One of the principal conclusions from the evidence is, that the 
various phases of sterility are undoubtedly to be referred to diverse 
causes. It is a widespread belief that one of the commonest causes is the 
^From the Zoological Laboratory of Columbia University, New York. 
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process of inbreeding and in several cases this idea has been supported by 
experimental evidence, but in the present instance, such a connection is 
not involved since in every race investigated the attribute in question ap- 
pears in conjunction with specific somatic characters and follows the dis- 
tribution of the mutant gene responsible for them, regardless of whether 
the stock has been inbred or not. In fact, on account of the sterility in- 
volved, out-crossing has usually been a necessity for the continuation of the 
strain. With the Mendelian theory as an instrument of investigation, it 
has been possible to demonstrate the existence of definite factors which are 
responsible for the degree of sterility shown. One such factor has already 
been indicated in Drosophila by the work of Hyde (1911) and two in the 
fowl by Pearl (1912). With the possibility of other similar discoveries 
in view, a brief inquiry into the nature and behavior of certain sterile 
stocks of Drosophila was begun. 

The mutant races examined were seven in number and included rudi- 
mentary wings, fused wings, cleft wings, morula eyes, reduced bristle, 
dwarf body, and dibro. These characters are due to recessive genes 
widely distributed in the germ plasm, as the first three have been located 
in the first or X chromosome, morula and reduced bristle in the second, and 
dwarf in the third. Dibro has not yet been placed. In most of these 
strains it is the female which is markedly unproductive, but in cleft, how- 
ever, the male is sterile, and since the character is sex-linked it has 
been impossible to obtain cleft females. In dibro l)Oth sexes have so 
far proved completely .sterile, and a large enough number of individuals 
has not yet been tested to make it certain that fertile ones are not 
produced. 


FUSED 

a. Sterility in the iused stock 

• * I 

The gene representing fused has been located at 59.5 in the X chromo- 
somt. Its chief effect upon the soma is to produce a more or less complete 
fusion of the third and fourth wing veins and a striking degree of infer- 
tility in the female. Stock is kept up by mating the male with heterozy- 
gous females and thus obtaining normal males and normal females and 
fused males and fused females in practically a i : i : i : i ratio. Table 
i summarizes the results from ten such crosses. Two exceptional 
classes, eosin-eyed females and red males, due to non-disjunction, may 
be omitted and the eye colors, eosin, white and red, disregarded in 
the comparison of the fused and normal offspring. The total number of 
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Table i 

Normal $ heterozygous for fused by red fused S . 


No. of 
culture 

Normal 
$ $ 

Fused 
9 9 

Eosin 
9 9 

Eosin 
$ B 

White 
$ $ 

Eosin 
fused 
$ $ 

White 

fused 

3 $ 

Red 

fused 

Total 

L 

95 

76 

13 

43 

34 

31 

30 

6 

328 

K 

94 

S6 

6 

42 

37 

16 

30 

8 

289 

B 

108 

123 

14 

71 

35 

54 

69 

7 

481 

F 

110 

76 

8 

52 

28 

36 

55 

8 

373 

D 

95 

122 


56 

29 

31 

76 


409 

A 

87 

82 


45 

29 

32 

43 


318 

H 

102 

I 2 I 


52 

38 

54 

49 


416 

2 

47 

39 

4 

29 

17 

20 

30 

I 

187 

3 

S3 

45 

10 

32 

18 

17 

25 

3 

203 

4 

53 

46 

4 

38 

23 

20 

43 


227 


844 

786 

59 

460 

288 

311 

450 

33 

Total 

844 

786 


74 

8 

761 



flies per bottle is slightly below normal but this may be accounted for in 
part by the fact that the temperature was below the optimum and because 
no effort was made to continue the counts up to the very end of the 
hatching period, nor were the females transferred to fresh bottles of food 
in order to obtain the maximum output of eggs. However, even allowing 
for these circumstances, we are probably justified in concluding that the 
heterozygous female is slightly affected in the direction of sterility by the 
presence in her chromosomal constitution of the factor for fused. The 
totals obtained for the four classes are: normal females 844, fused fe- 
males 786, normal males 748, fused males 761. It is a general rule in 
any cross in Drosophila that fewer males than females are produced 
unless counts are continued until the bottle runs out so that the slight 
differences in regard to the sexes observed here may not be of particu- 
lar significance. Comparing the total number of normal individuals 
with the total number of fused (exclusive of the two exceptional 
classes) we find there are 1592 to 1547, — figures which do not suggest 
any noticeable difficulty in the formation of the fused class from the 
heterozygous type. The harmfulness of the fused gene, therefore, af- 
fects the entire output of gametes in the heterozygous female rather than 
any one variety. 

The low fertility of the fused female seems to be partly due to the 
fact that the normal number of eggs is not produced. Examination of 
the ovaries shows that fewer eggs than usual mature and by means of 


Genetics 4 : N 1919 



504 


CLARA J. LYNCH 


egg counts it was ascertained that the number laid is below normal. 
Table 2 gives the data from seven crosses showing the number of eggs 
laid and of flies hatched therefrom. The largest number of eggs de- 
posited by any one female was 88, none of which produced an adult fly. 
In the bottles where the males used were from normal stock, some of 
the eggs had produced larvae before they were counted and transferred 

Tabu 2 

Shtwing the number of eggs laid and of flies hatched by fused females. 


No. of 
culture 

Parents 
9 3 

Eggs 

transferred 

Larvae 

transferred 

Adults 

produced 

I 

fu fu 

23 

0 

0 

2 

U <1 

88 

0 

0 

3 

it tt 

21 

I 

0 

4 

« iv 

41 

25 

25 

5 

u u 

25 

4 

3 

6 

n tt 

37 

II 

IS 

7 

tt tt 

37 

16 

5 

Total 


272 

57 

48 


to fresh food. The correspondence between the number of larvae pro- 
duced previous to the transfer and of flies hatched, seemed to indicate 
that the eggs might have been injured by handling. To test this, fused 
females were mated with normal males and provided with food spread 
in a transparent layer upon glass slides so that the eggs when laid might 
be easily seen and counted without necessitating their removal. Every 
few days the eggs were counted and the slides with eggs untouched could 
be placed in new bottles with plenty of fresh food. The number of 
adults produced was veiy small (table 3) even with this careful treat- 
ment — in fact the percentage of adults hatched, compared with the 
number of eggs laid, is lower here (5 percent) than when the first method 
of treatment was employed (14 percent). Data from other sources show 
that the percentage of eggs which hatch in normal stock may vary from 
20 to 90 percent of the number of eggs laid by any female. 

It was formerly supposed that fused females were absolutely sterile. 
Besides proving this idea incorrect, an examination of table 2 revealed 
the fact that the three females which were mated with fused (/«) males 
gave no flies, while all four which were crossed with normal (N) males 
were slightly fertile. This is not correlated with the number of eggs 
laid, for one of the crosses of fused by fused yielded the largest number 
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Table 3 

Showing the number of eggs laid and of flies 
hatched by fused females. 

Glass slide method. 


No. of 
culture 

Parents 
$ $ 

No. of 
eggs laid 

No. of flies 
hatched 

B 

fu 

6 N 

56 

I 

D 

ft 

(t 

7 

0 

E 

ti 

** 1 

35 

0 

G 

u 

4 “ 

23 

0 

H 

it 

6 “ 

21 

2 

M 

H 

3 “ 

12 

2 

Q 

<1 

it 

38+ 

3 

R j 

** 

it 

39 

5 

Total 

1 

231 

13 


(88 eggs) observed from any pair in the group. The significance of the 
kind of male used was then investigated by making a more extended 
series of crosses. That it is of importance, is shown by the fact that 
the combination of fused with fused never produced any offspring al- 
though 49 such females were tested by being mated singly with two or 
more fused males, while, on the other hand, out of 62 bottles of fused 
females by wild {N) males, only 13 (or about 21 percent) were totally 
unproductive. 

As table 4 shows, many of the 49 fertile females produced but one 
adult while others gave as high as 30 and 36 flies; but in the sum 
total of 560 offspring not one male was found. 

That bar-eyed males were as effective as the normal when used as 
mates for fused, was proved by crossing them with twelve fused females 
and obtaining 263 flies. Two of the fused females, or 16 percent, were 
sterile. Again,- all of the were females (table 5). Combined with 
the data listed in tables 2, 3 and 4, this gives 884 females and not a 
single male as the total number of offspring from 89 fused females, 
76 percent of which (68 individuals) were fertile to at least a slight de- 
gree, provided they were mated with males from strains other than their 
own. As fused is recessive, the females were normal or bar. 

The presence of a dominant factor in the hereditary complex of fused 
individuals does not alter the sterility of the females. Twenty-seven 
red-bar-eyed fused females, mated with red or eosin bar males gave 
no offspring although all carried the sex-linked dominant bar. 
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Table 4 

Fused 9 by wild S. 



b. ■ Search for a factor for sterility 


Although in these preliminary tests, designed to ascertain the degree 
of infertility of the fused stock, the results of using normal and bar 
males show that fused females are not to be classified as totally sterile, 
it is still evident that their performance is far below normal. Through- 
out the course of this investigation, it was constantly borne in mind 
that the disability here encountered might be due to the activity of a 
particular factor for sterility. If factors, distinct from those which 
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Table 5 

Fused 9 by bar $ . 


No. of 
culture 

Bar 

9 9 

Fused 
$ $ 

No. of 
culture 

Bar 

9 9 

Fused 
$ $ 

171 1 

58 


177 

S6 


172 

20 


178 

1 25 


173 

21 


179 

I 


174 

10 


180 

2 


175 

5 

• 

181 

0 


176 

65 


182 

0 


Total 

1 



263 



cause the mutation^, control the productivity of the individual, we must 
suppose that the two kinds are closely associated in the germ cell if we 
wish to account for the constancy with which sterility accompanies the 
specific character. In other words, in order to cause such close link- 
age, the sterility factors must he situated in the same chromosomes as 
the mutant factors, probably not far removed from them. Accord- 
ing to the theory of crossing over, it should ))e possible to separate the 
two kinds of factors if such exist, and obtain sterile races which do not 
show the mutation and vice versa. This theory is based upon the idea 
of the linear arrangement of factors in the chromosome threads and 
postulates that during some stage in the cell history, previous to matura- 
tion, when the maternal and paternal members of each pair of chromo- 
somes twist about each other,' they may permanently fuse at one or 
more points and when untwisting may break apart in such a manner that 
homologous sections of the two chromatin threads may be interchanged. 
If the point of fusion and breakage should occur in the interval between 
the loci of the factors under consideration, one of those factors would 
become incorporated in the opposite chromosome and the linkage between 
these factors would be broken. Thereafter, each one could affect the 
gamete to which it was distributed, free from the influence of the other. 

In the absence of any definite knowledge as to the dominance or 
recessiveness of the sterility factor (the existence of such an entity 
being assumed) it becomes necessary to consider both possibilities. On 
the supposition that it is recessive, the fused female, with which we 
have been dealing, must have been homozygous for sterility, otherwise 
it would not have exhibited the character. A crossover which occurred 
in such an individual would be unavailing since, both chromosomes hav- 
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ing the sterility factor, this would simply be a trading of identical genes. 
It is in the normal female, heterozygous for fused (and for the sterility 
factor) that favorable conditions for effective crossing over exist. 
If the crossover did occur once, however, the fused female which received 
one chromosome free from the sterility gene, should be fertile, — at least 
to some extent, according to the degree of recessiveness, assignable to the 
sterility factor. In this case the attainment of an individual homozy- 
gous for the “not-sterile” factor would be unnecessary, for the female 
heterozygous for “not-sterile” should be able to found a fertile fused 

N 

strain. However, the fact that the — female does not seem to be quite 

fu 

as fertile as the pure normal individual, suggests that the influence of 
the fused gene or of the sterility factor accompanying it, is semi-domi- 
nant, at least in this particular chromosomal complex. If this be true, 
a fused female heterozygous for the sterility gene might be moderately 
productive. If the attainment of a fused female which would have a 
normal fertility depends upon its homozygosity in regard to the allelo- 
morph of the sterility factor, an egg belonging to the crossover class 
must be fertilized by a sperm of similar chromosomal composition be- 
fore the fertile fused race can be obtained. However, it is possible that 
if the sterility factor is dominant, or partly so, the crossover class may 
already exist and. the “not-sterile” factor may be passing, undetected, 
through the fused stock. In this case the homozygous condition might 
be readily obtainable. 

It is of interest to note a peculiarity connected with the method of 
producing the homozygous crossover class when dealing with a factor 
like fused. Ordinarily, in such an attempt, the heterozygous female 
could be mated with the recessive male and their offspring, exhibiting 
the recessive character, could be inbred on the chance that the crossover 
gametes might unite in the F,. But where fused is concerned, out- 
crossing is always necessary. Fused by fused produces nothing at all. 
Fused females by foreign males give only females — and these are not 
fused. Inbreeding with the pure stock is impossible. Both kinds of in- 
dividuals, both fused males and females must always be derived from the 
heterozygous female. In the latter type, however, the condition de- 
manded for crossing over is always present. 

Upon the conclusion of the experiments summarized in table 4, it was 
noted that certain of the pairs had pr^uced quite a few individuals. As 
these pairs were regarded as the most likely progenitors of a fertUe line, 
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should one be forthcoming, some of the heterozygous females from 
cultures loi, 103, 104, and 158 were mated with fused males and from 
the Fj resulting, 63 pairs of fused brothers and sisters were made up. 
Here, just as in the preliminary experiment, the combination of fused 
with fused resulted in total sterility; showing that not one of the females 
had obtained by a previous crossover, either one ^‘dose’’ of a dominant 
factor for not-sterile or two ‘‘doses'’ of a recessive factor for not-sterile, 
which would permit them to be fertile when tested by fused males. In- 
cluding data given in the succeeding pages of this section, a total of 
412 fused females was tested for fertility. Of these 170 were crossed 
with fused and the rest, 242, with wild or bar males. The highest num- 
ber of offspring produced by any one individual was 86 which is far 
below the expectation from a fertile fly. On the assumption that the 
sterility factor is one unit from fused, one out of each one hundred 
eggs produced by a heterozygous female should belong to the crossover 
class of f used-fertile. If sterility is recessive, any fly formed from the 
crossover type of egg would indicate the fact by being fertile. If steril- 
ity is partially dominant, the homozygous recessive must be ex- 
tracted before a completely fertile fused race is obtained. Fertilization 
of the crossover type of egg by any Y sperm gives a fused-fertile male 
and since there is no crossing over in this sex, the two genes remain 
associated during their residence in it. The union . of an X sperm 
from this fused male with an egg of like constitution should accomplish 
the formation of the fertile fused female. The chances of such a meeting 
seem rather remote even among 412 trials, but it must be noted that 
should the crossover occur, the new combination of genes would remain 
united with as great tenacity as they formerly remained apart and, 
on the assumption that sterility is semi-dominant, might have travelled to- 
gether for some time undetected in the stock. 

c. Production of but one sex by fused females 

One of the most striking points brought out by the work with fused, 
namely, that the females gave oflFspring belonging to but one sex, re- 
mained to be investigated. The suggestion that there might be some 
peculiarity inherent in the fused female which prevented her from pro- 
ducing males, made it pertinent to test the point. A solution of the 
problem was found by using non-disjunction. 

Since the discovery of the occurrence of non-disjunction in Drosophila, 
by Bridges (1916), it has been known that females which possess an 
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extra sex chromosome, i.e., that have the unusual constitution XXY, 
can produce males of an exceptional kind which are formed by the union 
of a Y-bearing egg from the mother and an X-bearing sperm from the 
paternal parent, just thp reverse of the ordinary process. If a fused 
XXY female were crossed with a normal male, we should expect the 
Fj to give not only females but also the exceptional males unless tlie 
nature of the fused female prevented the formation of more than one sex. 
Accordingly a stock which carried the extra chromosome was so com- 
bined with the fused race that their Fj would yield fused females, one- 
.half of which would be expected to have three sex chromosomes, i.e., 
be XXY females. 

One hundred and fifty-five of such individuals with eosin eyes were 
mated singly with red bar-eyed males. In the results from these tests 
the sterility was greater than in the crosses with the wild fly, as only 78 
gave offspring. The expectation was that one-half or 39 of these should 
carry a Y chromosome and each of the 39 could throw the exceptional 
males. Five of these produced one to four exceptional males (table 6). 
These males had red and bar eyes and normal wings like the father, 
since their only X chromosome was obtained from the paternal parent 
which was red, bar and normal. This proves that it is possible for males 
to be produced from fused females. There were obtained also 744 bar- 
eyed females but no fused males, although the two classes are expected 
in equal numbers. Another exceptional class, that of the fused females, 
formed from an XX egg and a Y sperm, should also have appeared and 
in as large numbers as the bar-eyed males, but it was not found. 

So far no fused female had ever given any offspring when crossed 
with males of her own kind, but in order to discover whether these 
XXY females might not behave differently and throw' the exceptional 
classes, 81 fused females, half of which were expected to carry the extra 
Y, w'ere mated with bar fused males (red-, white-, or eosin-eyed). No 
flies whatever were produced. Copulation was observed to occur in 
some cases and that it may be partially effective is demonstrated by the 
following observations. 

In making counts of the eggs it was noticed that on the second day 
after having been deposited some of them have a small black spot at 
the anterior end, indicating that the chitinous larval mouth parts are 
formed. Removal of the chorion reveals the fact that segmentation of 
the body has taken place and cuticular hooks have been formed. Pressure 
tipon the cover glass over the object may rupture the body wall and a 
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Table 6 

Fused $ $ , half of which should he XX Y, by bar S 3 . 
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tube, identified as the alimentary canal, may be squeezed out. After the 
second day the eggs begin to darken and show signs of disintegration. 
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In only two cases out of hundreds observed, have larvae hatched from 
the eggs and never have they been seen to pupate. The lethal influence, 
therefore, of the pair of fused genes may not have its full effect .until the 
egg stages, or even the larval period, is reached. 

d. Discussion of peculiarities shown by fused 

In interpreting the foregoing results certain striking facts brought 
out by the experiment must be kept clearly in mind : 

1. In spite of more than two hundred attempts, no cross of fused by 
fused has ever been successful although fused males are ordinarily fer- 
tile with females of other races and fused females may in some cases lay 
a good many eggs and may even produce adults when mated with males 
from other strains. 

2. The sygotic combination of fused with fused is not fatal, as is shown 
by the fact that females heterozygous for fused, mated with fused 
males, will produce approximately as many fused males and females as 
they will yield normal males and females. Only a negligible difference 
between the two types is to be observed. 

3. In the crosses of fused females with males of different kinds, 
only females (plus a few exceptional males) were produced, although 
as many as 1628 females have been obtained. 

4. That the lack of males is not due to any inability of the fused fe- 
males to form that particular sex, was demonstrated by using XXY 
females and producing, through non-disjunction, males of the exceptional 
class, having the characteristics of the paternal instead of the maternal 
parent. 

An examination of the various types of crosses in which fused has 
been concerned, reveals the additional fact that success, or at least partial 
success, ensues only in those cases in which a normal allelomorph of 
fused is involved at some point in the scheme though not necessarily 
present in either of the gametes at the time when they unite to form the 
zygote. We are, therefore, inevitably led to the conclusion that the 
deleterious influence of the fused gene is of such a nature that it must — 
and can to some extent — ^be counteracted by that of its normal allelo- 
morph in the other X chromosome, in order to insure the production of 
adults. Furthermore, we see that the normal X chromosome may exert 
its opposing influence at two points : ( i ) it may be effective as a mem- 
ber of the parental complex, i.e., in the oogonial cell before maturation, 
as in the instance of the heterozygous fused female where it effects the 
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formation of a large number (almost the normal number) of eggs, and 
these are capable of being fertilized by sperm even though the latter may 
carry the harmful fused gene; (2) when present in a gamete from a 
male, the normal X may have the ability to “redeem’’ an egg produced by 
a homozygous fused female and to enable it to develop normally. 

One other consideration is necessary to complete an explanation for 
all the phenomena cited in the preceding paragraphs. This relates to 
the nature of the Y chromosome. The experiments indicate that it con- 
tains nothing which can counterbalance the injurious influence of the 
fused factor at either of the above-mentioned points. Not only does it 
lack this counterbalancing power itself, it cannot gain such power from 
association with a normal X. These considerations furnish an explana- 
tion of the facts found in a detailed analysis of the crosses made. Refer- 
ence to figure I may make the subject clearer by giving a visual image 
of the types of chromosomal combinations obtained. 

Formula i. — A normal female heterozygous for fused by a fused 
male. All four of the expected classes, normal and fused, males and 
females, appear. The normal allelomorph of fused, — or of a factor 
for sterility lying near fused, — is carried in the normal X of the hetero- 
zygous female and is sufficient to cause the production of a large, though 
not quite the normal, number of eggs. It restores the eggs carrying the 
fused gene so that the two kinds are produced in approximately equal 
numbers and both are viable in combination with either the Y sperm or 
the sperm carrying the factor for fused in the X chromosome. 

Formula 2. — A fused female by a fused male. No offspring have 
ever been given by this combination, which seems to be dependent 
on the fact that neither the eggs nor the sperm contain a normal allelo- 
morph of fused in their chromosomal constitution. Sperm from a fused 
male are viable, — as witness the preceding cross; eggs from a fused 
iemale may be fertile, — note the succeeding cross; the combina- 
tion of two fused gametes can also occur; the only difference to be ob- 
served between this case and the first is the absence of the normal 
allelomorph of fused in the maternal complex and to this circumstance 
must be imputed the failure to obtain any offspring. 

Formula 3. — A fused female by a normal male. A single class of 
individuals appears, — the normal females. As we have seen, the egg pro- 
duction of the fused female is below normal but does not cease en- 
tirely. In type 2, the X sperm carrying fused proved unable to form 
a viable zygote in conjunction with an egg which had not been under 
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the influence of a normal X. That the X sperm from a normal or bar 
male possesses this ability, is demonstrated by the occasional appear- 
ance of normal-winged females in the Fj of this cross. The non- 
appearance of males must be attributed to the inability of the Y sperm 
to serve a like function. 

Formula 4 . — A fused female {XXY) by a bar-eyed or wild-type 
male. Normal-winged females and males are given by this cross. 
Since maturation in this type of female differs from that of the nor- 
mal, in several features, we may take up the analysis in more detail. 
Four kinds of eggs are expected to be formed: One with a single X 
chromosome which carries fused; one with two X chromosomes, each 
carrying fused ; one possessing a fused X and a Y ; one with a Y. The 
two kinds of sperm are the same as in the preceding cross, — one with 
a not-fused X, the other carrying a Y. The relationships here are 
similar to those in the case just discussed except for the addition of 
the Y in the maternal complex. As in the preceding case, only those 
individuals appear which are the result of a fertilization by an X sperm. 
This includes two types of females (XX and XXY) and the excep- 
tional male (YX). No tests were made to distinguish whether the 
females actually were of different constitutions. Females containing 
XXX have never been found in any cross and are not expected here. 
The exceptional males, of which a small number were obtained, are 
formed by a union of an egg containing a Y with a sperm having a 
not-fused X. The greatest number of individuals given by any one 
female was 86 (table 6), which is slightly more than obtained from 
type 3 (tables 2, 3, 4, and 5), but by no means approaches the num- 
ber produced by a female containing a normal X. This indicates 
that the Y chromosome cannot function like the normal X in the 
maternal complex in counteracting the effect of fused. It is evident that 
it possesses nothing which can overcome this harmful activity in the 
prematuration stages. The number of exceptional males expected is 
4 percent of the total. Using the record of the most productive female 
for our computation we find that when 82 represents the number of Fj 
females, the expectation for the exceptional males is 3.57. Actually 4 
males appeared, — a very close approximation. 

Fertilization by the Y sperm did not prove successful in a single case. 
The YY combination is not expected since it is supposed not to be 
viable, but that the X egg from a fused female is not fertilized by 
the Y, is explained by our assumption that the Y sperm does not con- 
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tain any property that can restore fused eggs nor can it acquire power 
so to do by association during spermatogenesis with a normal X. 

Formula 5. — A ftised female (XXY) by a ftised nude. No offspring 
whatever are produced. Eggs from such females and sperm from this 
type of male have proven viable in the preceding experiments. The parti- 
cular gametic combinations expected are not impossible of realization 
under the proper conditions, yet no individuals are obtained. The 
explanation lies in the fact that the influence of the fused gene is not 
combated by the presence of its normal allelomorph either during 
oogenesis in the female or after the process of fertilization by the sperm, 

RUDIMENTARY 

a. The theories of prematuration and repugnance 

The case of rudimentary wings, another sex-linked gene, located at 
55.1 in the first chromosome, presents a less extrefne example of the 
same sort of phenomenon as fused. The sterility of the females has 
I)een reported already by Morgan (1912) and the theory of '‘premat- 
nration’' and ‘'repugnance” suggested in connection with it. The first 
results indicated that the two cases possessed many similarities. Mor- 
(;an found that rudimentary flies when mated with rudimentary, were 
sterile; that rudimentary males were fertile with long-winged females; 
and that rudimentary females when fertilized by normal males gave a 
few offspring of both sexes. The only difference which destroys the 
parallel between the two cases, is in regard to the last point, for the 
of the fused female comprises only females while that of the rudimentary 
female represents males and females. It is true that most of the progeny 
were females, but a few males were found, in the ratio of about i : 300. 
A quotation will give Morgan’s conception of the element of prematura- 
tion. 

‘'In the heterozygous female the egg has developed up to the time of 
the extrusion of the polar bodies under the influence of M (i.e., all the 
normal factors are present, at least in simplex) . . . Not until the time 
of polar-body formation is the factor M lost from half of the eggs, i.e., 
from those eggs that may produce rudimentary off .spring. Hence the rela- 
tively large numlier of eggs that may be fertilized by the rudimentary- 
winged male. On the other hand in the rudimentary female the egg 
develops without the presence of the factor M. If the absence of this 
fa^ctor, in the prematuration development, makes the egg less fertilizable 
by any sperm, the difference in the behavior of the two kinds of females 
in question can be accounted for.” 
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FIGURE I 

Figure i. — Formulae of crosses testing fused flies. Each symbol represents a sep- 
arate sex chromosome. Fused X = fu ; not-fused X = +. 


By the theory of ‘'repugnance/' Morgan endeavored to explain the 
fact that in crosses between a female, heterozygous for rudimentary, 
and a normal male, the rudimentary class fell below expectation. lie 
suggested that there was a repugnance between the rudimentary- form- 
ing gametes, that is, between the gametes which lack M. (In 
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referring to the original paper, it must be kept in mind that the termi- 
nology of the presence and absence theory was used and where the state- 
ment is made that ‘'sperm lacking the character M, fertilizes with diffi- 
culty eggs lacking that same character,’’ the Y sperm is considered to 
be “without” the above-mentioned M in the same way that the rudimen- 
tary-bearing egg is “without” it.) Statistics which prompted this explana- 
tion were given for a number of cases. In the first, there were 2061 minia- 
ture males and 479 rudimentary miniature males, a ratio of about 4.3 • i 
where a i : i ratio is expected. In the second, there were 342 miniature 
males to 98 rudimentary miniature, a ratio of 3.5: i. Several others 
gave ratios of 2 : i and 3:1. 

Morgan calls attention to the fact that his results represent an “im- 
provement in the viability” of the rudimentary stock since its discovery. 
At first it had yielded 115 rudimentary males to 4773 (calculated) nor- 
mal males, when equality was expected. Additional data published 
several years later (Morgan and Tice 1914) showed that the disparity 
between the two classes of flies was due to unfavorable culture condi- 
tions rather than to a principle of repugnance. When overcrowding in 
the culture bottles was avoided, little repugnance was shown between any 
gametes forming the rudimentary classes either male or female. My 
observations on five matings of heterozygous females by rudi- 
mentary males, in which comparatively small numbers were in- 
volved, agreed with those of Morgan and Tice. The total for five 
bottles gave 459 normal to 406 rudimentary males and 425 normal 
to 345 rudimentary females where equality is expected (table 7). 

In the case of fused also, the principle of “repugnance” may be said 
to be inapplicable as is shown by the results given in table i from a simi- 
lar cross where equality of the four classes is expected. 


Table 7 

Females heterozygous for rudimentary, by rudimentary males. 


No. of 
culture 

N$ 9 

r$ 9 

N5 S 

rS S 

Total 

900 

124 

80 

130 

136 

470 

901 

102 

90 

108 

88 

388 

902 

96 

95 

119 

91 

401 

903 

69 

40 

S6 

45 

210 

904 

34 

40 

46 

46 

166 

Total 

42s 

345 

459 

406 

1635 
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In a later paper published by Morgan (1915) the data for certain 
successful matings between rudimentary males and rudimentary females 
seemed to cast doubt upon the hypothesis of prematuration. The same 
type of cross in the fused stock, i.e., fused females by fused males, has 
never been attended with success except so far as to produce one or two 
larvae. That rudimentary by rudimentary may occasionally give off- 
spring might be regarded as merely indicating that the injurious influ- 
ence of the rudimentary gene is not so far-reaching as that of the gene 
for fused, without contradicting the general principle that particular 
genes may affect to a greater or lesser degree, the formation of the egg in 
the stages prior to the maturation divisions. 

The principle of “restoration” outlined in the case of fused, is amply 
illustrated in the following experiment. The addition of a Y chromo- 
some to the ordinary complex of the rudimentary female has an effect 
upon the formation of future classes similar to that obtained in the case 
of the non-disjunctional fused female, as the following data show. Sixty- 
five XXY rudimentary females ( each X having a rudimentary gene) 
were mated separately to bar males (table 8). Fifteen bottles were 
sterile. The remaining fifty bottles gave 647 bar females, 2 rudimentary 
females, 41 bar males, and 52 rudimentary males. The four expected 
classes are represented by the four types obtained. An analysis of the 
cross may make this clearer. As explained in the case of the similar 
experiment with fused the XXY rudimentary female parent possesses 
three sex chromosomes, so that synapsis may occur in two ways (fig- 
ure 2). There may be an XX synapsis and the Y may either pass 
out into the polar body or remain in the egg, thus forming eggs con- 
taining one X, or an X and a Y. In the second kind of synapsis the X is 
paired with the Y and the other X may pass out of, or stay in, the egg, 
forming gametes of the constitutions XX or simply Y as well as the XY 
and X classes. From analogy with other data, we assume that the XY 
eggs should comprise 46 percent of the total, the X eggs 46 percent, and 
the XX plus the Y 8 percent. All of these eggs should normally be 
capable of fertilization by either the X- or the Y-bearing sperm with two 
exceptions : the Y eggs fertilized by a Y sperm and the XX eggs by the 
X sperm, do not produce viable zygotes. Successful fertilizations by the 
Y sperm produce the recessive rudimentaiy classes. 

In analyzing this cross, we find a second indication that the influence 
towards sterility of the rudimentary gene is not as great as that of fused, 
both because rudimentary males are obtained and because 2 rudimentary 
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exceptional females appear. The two corresponding classes have never as 
yet been obtained from any fused female. Here, the number of each is, 
however, below expectation. The rudimentary males should equal the bar 
females instead of being 52 to 647. This comparison, therefore, may be 
taken as a measure of the “restoring” power of the normal allelomorph of 
rudimentary. The X- and XY eggs which are produced by the rudimen- 
tary parent, all carry rudimentary and are of the same sort, no matter 
whether they are destined to be fertilized by an X- or a Y-bearing sperm. 
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XX SYNAP5IS 64% 


84% 




RUDlflENTARY rEflALE 0IE3 

EXCEPTinM 


RUDIMENTARY MALE RUDIMENTARY MAlE 


Figure Diigram showing the chromosomal constitution of an XXY ruditn«tttacy 
female, th^ ^two types of synapsis which occur in such an individual reduction, the 
four possible kinds of eggs and the z3rgotes which would result from the fertiltsation 
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The zygotes formed from the two types of fertilization differ greatly in 
viability. The male zygotes are markedly fewer in number than the fe- 
male. The Y chromosome which is brought in by the male-producing 
sperm, contains nothing, ex hypothesi, which can alter the viability of the 
egg. It does not change the percentage of sterility. The number of rudi- 
mentary males resulting from the XY and XYY zygotes is one-half the 
number which represents the degree of viability of the rudimentary egg 
when unaided by any influence from the sperm. We must suppose that a 
larger number of females than males is produced because the X-bearing 
sperm, which form the females, contain the normal allelomorph of rudi- 
mentary and have the ability in some degree to counteract the prematura- 
tion effect of the rudimentary gene upon the egg and to restore the 
normal process of development. The number of bar females produced 
compared with the number of rudimentary males, i.e., 647 152, is a 
measure of the ‘‘restoring’' power of the normal allelomorph carried 
by the X sperm and operating after fertilization. 

The two exceptional classes are the bar males and the rudimentary fe- 
males which should be equal to each other and together should comprise 
8 percent of the total progeny. The eggs which form these two classes 
are the result of an XY synapsis which is followed by the inclusion of the 
second X in the same cell with the first X, thus giving two types of eggs, 
-f-one with two sex chromosomes, XX, and one with but one sex chro- 
mosome, the Y. The first type of egg fertilized by a Y sperm, makes a 
rudimentary female; the second type fertilized by an X sperm, makes 
a bar male. This type of synapsis occurs in 16 percent of the total but as 
one-half of the possible zygotes derived from it are not viable, the indi- 
viduals of either exceptional class are 4 percent of the total number of 
fertilizations by either an X sperm or a Y sperm. For example, the 
bar males compared to the bar females should be as 4 percent is to 92 
percent, and the rudimentary females to rudimentary males should also 
be as 4 to 92. The total output of eggs is far below normal, probably 
due, as has been previously suggested, to the adverse influence upon de- 
velopment, of the rudimentary gene. There is no reason to suppose that 
the ratio of the various classes would be clianged in any way from that 
expected in any cross involving non-disjunction, A comparison of the 
number of bar males to thfe bar females obtained, is perfectly legitimate 
in that the principles of both prematuration and restoration are at work 
in the type of union which results in the formation of both classes, 
A computation based on such a comparison gives 28 as the number of 
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bar males expected. Actually there are 41. The fact that the per- 
centage of non-disjunction is known to be variable may account for this 
disparity. 

In the type of reproduction which gives the rudimentary males and 
females, only one principle is in action — ^that of prematuration. As the 
sperm concerned in these fertilizations carries a Y as its only sex chro- 
mosome and does not possess any element to combat the injury of the 
prematuration influence, the principle of “restoration” is absent. There- 
fore, fewer rudimentary females are expected than bar males, although 
•under normal circumstances the classes should be equal. As previously 
stated, the rudimentary females should be to the rudimentary males as 
41 is to 92. The numbers actually obtained (2 to 52) are in quite close 
agreement with expectation. 

b. Search for a factor for sterility 

In continuation of the search, begun in the case of fused, for a gene 
governing fertility and distinct from that of the mutation involved, it 
was deemed advisable to test some of the individuals of the previous 
experiment to see whether a fertile race of rudimentary flies could be 
obtained. The rudimentary females from the above cross died before 
they were tested in regard to fertility. The other females were long- 
winged and had to be mated with rudimentary males in order to produce 
rudimentary offspring which in turn could be tested for fertility. This 
was done and 100 of the rudimentary females thus obtained were mated 
in mass cultures with their rudimentary brothers and 75 were crossed 
with bar males from stock (table 9). If, by means of a crossover in the 
heterozygous female the rudimentary gene had become separated from a 
sterility gene, some of these females tested might reflect this event by 
producing a large number of offspring. However, none of them gave as 
many individuals as the grandparents, one of which had yielded as 
many as 66 flies (table 8). 

' c. Additional mutations to rudimentary 

Rudimentary has appeared twice in other stodcs kept in the laboratory. 
One of these mutations to rudimentary, found, by Mr. D. E. Lance- 
field (1918), was tested by crossing five rudimentary females with bar 
males. No offspring whatever resulted, indicating that this second 
mutation to rudimentary was also accompanied with sterility. Whether 
a previous mutation to sterility had occurred at a point adjacent to the 
rudimentary locus, and was made apparent only by the modifying action 
of the rudimentary gene is a question not settled by the evidence. 
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Table 9 

Rudimentary 9 9 by rudimentary or bar S S . 


No. of 


^ 

Parents 


r ~ 


culture 

$ $ 

6 ^ 

F.9 9 

F.3 3 

Total 

702 

11 

X 6 rud. 

I 

2 

3 ~ 

703 

6 

3 “ 

3 

I 

4 

704 

10 

s “ 




705 

4 

12 “ 

3 

10 

13 

706 

3 

4 “ 




708 

II 

6 “ +iB' 

10 

8 

18 

709 

4 

2 “ 

3 

8 

II 

710 

3 

3 “ 




711 

9 

7 “ 

18 


±23 

713 

10 

10 “ 

6 

7 

13 

719 

12 

7 “ 

2 

5 

7 

714 

10 

10 “ 

6 

5 

II 

720 

7 

7 “ 

2 


2 

715 

33 

13 B' 

20 

3 

23 

716 

18 

7 “ 

28 

7 

35 

717 

22 

33 

1 13 

8 

21 

718 

2 

2 




Total 

1 175 


115 

60 

184 


Dr. A. H. Sturtevant found rudimentary a third time; in this in- 
stance, in a strain of black purple curved flies. A cross between this 
newest rudimentary and a normal female heterozygous for the original 
rudimentary gene gave normal and also rudimentary males and females. 
Had the new mutation been dependent upon a gene different from the 
first, their should give only normal offspring, as each parent would 
carry in its chromosomal constitution the normal allelomorph for the 
opposite factor. Since the recessive class of rudimentary females ap- 
peared in the we must conclude that each parent contributed the same 
gene and that the third mutation of rudimentary was therefore identical 
with the first. 

The Sturtevant stock was then tested for the possible occurrence of 
a fertile individual. Of 72 females, crossed with bar males, none yielded 
more than 57 offspring and 45 (about 62 percent) did not reproduce at 
all (table 10). The sterility here seems to be more pronounced than in 
the first rudimentary stock but this is perhaps to be referred to tempera- 
ture conditions rather than any real difference in the nature of the gene. 
This strain was kept up by mating some of the heterozygous females with 
rudimentary males and the tests were continued upon their offspring. 
Twenty-seven of the rudimentary daughters were mated with one or 
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Table io 

Rudimentary 9 9 by bar S $ (Sturtevant stock). 


No. of 
culture 

1 Bar j Rud. 

9 9 1 d d 

Ij Total 

No. of 
culture 

Bar 
$ $ 

“R^dT] 
S S 

Total 

1001 




1037 




1002 




1038 




1003 




1039 


I 

I 

1004 


• 


1040 




1005 




1041 




1006 

I 


I 

1042 

11 

2 

13 

1007 




1043 

2 


2 

1008 




i 1053 

5 


5 

1009 

I 


I 

: 1054 

+ 


-t- 

lOIO 




2002 




101 1 




' 2001 

+ 


+ 

1012 

I 


I 

j 2003 




.1013 

5 


5 

' 2004 




ipi4 

2 


2 

2005 

I 


1 

1615 




; 2006 

3 


3 

1016 




' 2007 




1017 




' 2008 

I 


I 

1018 




2009 




1019 




2010 

I 


I 

1020 

I 


I 

2011 




1021 

2 


2 

2012 




1022 




i 2013 




1023 




i 2014 

2 


- 2 

1024 




2015 




1025 




2016 




1026 

I 


I 

2017 


* 


1027 




2018 




1028 




2019 

I 

• 

I 

1029 




2022 




1030 

! 



2023 

2 


2 

1031 




2024 




1032 


i 


2025 

2 


2 

1033 




2026 




1034 


2 

2 

2028 

+ 


+ 

1035 

2 


2 

3221 

31 

26 

57 

1036 




3225 





more rudimentary brothers (table ii) and 14 of these bottles gave off- 
spring. Nine rudimentary females, out-crossed- with bar males, all re- 
produced, but none of either of these groups gave more than a dozen 
flies (culture No. 4095 to 4103, inclusive). In addition 94- rudimentary 
females were crossed with bar males (Nos. 4020 to 4105 and 4152 to 
4160). An exact record of their performance was not kept but a large 
number of offspring was not giv^n by any one of them. Among the 202 
females of the Sturtevant strain, tested for sterility, a completely fer- 
tile individtial was not found. 
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Table ii 

Rudimentary 9 9 by rudimentary $ $ (Sturtevant stock). 


No. of 
culture 

$ and 9 
offspring 

No. of 
culture 

S and 9 
offspring 

No. of 
culture 

^ and 9 
offspring 

3251 

2 

3240 

3 

3248 

I 

3^52 

I 

3243 

2 

3249 

I 

3236 

2 

3245 

2+ 

3250 

4 

3237 

2 

3246 

3 

3262 

I 

3239 

3 

3247 

8 




Thirteen other cultures gave no offspring. 


MORULA 

‘‘Morula’* eye is dependent upon a gene located at 106.3 second 

chromosome. It is characterized by great irregularity in size and pro- 
tuberance of the ommatidia. In addition, the reduction of the bristles 
on the thorax is of such regular occurrence that their condition may be 
taken as diagnostic of morula when the eye disturbances are scarcely 
detectable. 

The females lay only a fefw eggs. Five, which were observed for ten 
days, gave respectively o, o, 4, 9, and 4 eggs, none of which hatched. 
The males are probably perfectly fertile as no difficulty is experienced 
in keeping up stock by means of crossing them with the heterozygous 
female. 

As the female shows a very high degree of sterility, it is evident that 
the few eggs which are laid are seldom capable of normal development. 
Three hundred morula females were mated with morula males in small 
mass cultures. No offspring were obtained. In order to discover 
whether males, other than her own kind, were more effective as mates, 
which had been observed to be the case with fused, 107 bottles were made 
up, each containing one female and i to 3 red bar or eosin crimson 
males. With sterile stocks difficulty is often experienced with the growth 
of mold upon the banana used as food, which may prevent the develop- 
ment of flies that might come through if it were not for this adverse 
condition. In this experiment the expedient was tried of inoculating 
the 107 bottles with the eggs of yellow flies so that the larvae of the 
more viable stock might churn up the food and by their activity destroy 
the mold. The adults of this stock could easily be distinguished from 
any gray morula flies which might hatch at the same time. Even with 
this precaution, the percentage of fertility was not materially increased 
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as only one of the 107 females gave offspring. She produced but two 
individuals, both normal-eyed females. Crossing these heterozygous 
females with morula males gave normal and morula males and females. 
Some of the males had yellow bodies, showing that the original morula 
grandparent had been fertilized by one of the yellow flies with which 
the bottle had been inoculated instead of by a red bar or eosin crimson 
male. Probably, no particular significance attaches to this fact. Eighty- 
eight of the F2 morula females were mated with morula brothers, either 
yellow or gray-bodied, but none of them reproduced. 

These figures indicate the very high rate of sterility among morula 
females as only one individual in the 500 tested gave offspring. The 
same considerations in regard to the possibility of sterility being depen- 
dent upon a separate gene, apply here as in the case of fused or rudimen- 
tary. E^ch one of these females was derived from a heterozygous par- 
ent which fulfilled the conditions necessary for crossing over. Had a 
chromosome containing morula, but free from the factor for sterility, 
been made up during this process, the occurrence would have been de- 
tected in the individual formed from it, provided sterility is recessive. 
Even if it is semi-dominant, either by itself or as a modifier of morula, we 
might hope that the homozygous recessive, i.e., for fertility, might 
have been formed during so many tests. That no morula female 
evinced normal fertility must be taken to indicate that sterility is de- 
pendent upon a gene lying exceedingly close to morula or that it is one 
of the manifold effects of morula itself. 

REDUCED BRISTLE 

Among the mutant stocks which proved sterile was one named “re- 
duced bristle” because of the fact that the bristles on the thorax are 
reduced either in size or number. Stock is kept up by mating the hetero- 
zygous female with reduced-bristle males as the reduced-bristle females 
showed a high degree of unproductivity. 

Observations on the egg-laying capacity were made in but two cases. 
The first female laid no eggs at all during a period of 9 days and the sec- 
ond laid 77 in ii days. None of these hatched. 

Of 70 reduced-bristle females tested for fertility with Australian (wild 
type), bar, California (wild-type) or eosin crimson males, only three 
gave offspring, producing i, 37 and 16 flies, respectively. The difficulty 
of obtaining males which was evident in the fused and rudimentary 
stocks was conspicuously absent here as No. 53 gave almost half again 
as many males as females, i.e., 23 to 14, and No. 54, 7 males to 9 females. 
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This fact is in no way a contradiction of our theory of ‘'prematuration 
and restoration,” but is rather a confirmation of it and is explicable on 
the ground that here we are not dealing with a sex-linked factor. 

The homozygous reduced-bristle females, as we have seen, lay very 
few eggs. We assume this is owing to the fact that the harmful influ- 
ence of the pair of reduced-bristle genes (or of the sterility genes lying 
adjacent to them) is unchecked by any normal allelomorph in the pre- 
maturation stages of oogenesis. Some of these eggs, h?iwever, may be 
fertilized and brought to complete development by the redeeming influ- 
ence of the gamete from the male. Since reduced bristle is not sex-linked 
but lies in the second chromosome its normal allelomorph is contained in 
duplex in all males used in the experiment. Therefore, all sperm, 
whether X- or Y-bearing, also carry an autosome which possesses an 
allelomorph to reduced bristle (or sterility) and have the power to coun- 
teract, in some measure, the injurious reactions started in the egg by 
reduced bristle, and produce viable zygotes. Since both male- and fe- 
male-forming sperm have this capacity, both sexes are represented 
in the F^. As reduced bristle is recessive, the flies appear normal. 

The three productive lines were continued by out-crossing some of the 
bar-eyed daughters heterozygous for reduced bristle, to reduced-bristle 
males from stock and the reduced-bristle Fg females obtained in this way 
were tested to see whether they were fertile. Among the F2, of line 53, 
16 females were mated in small mass cultures with males of their own 
kind but produced no flies. Twelve females from line 54 and 25 from 
line 52 gave similar results, showing that in a total of 125 females, not 
one possessed the reduced-bristle factor free from a factor for sterility, 
although three of them were not totally sterile. 

DIBRO 

The name "dibro” is an abbreviation of the three principal character- 
istics : dichaete, beaded and rough, exhibited by one of the strains which 
proved sterile. Besides having reduced bristles, beaded wings, and irregu- 
lar eye facets, the abdomen is noticeably shorter and smaller in circum- 
ference than in the normal fly. The stock died out before the gene was 
located in any chromosome. Bridges, who found this mutation, reports 
the appearance of only one male, which was sterile, and in my cultures 
the four males which appeared were so weak that they lived only a short 
time. 

The ovaries of the dibro female are small and the eggs remain im- 
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mature. Observation of twelve females, mated with bar or dibro males, 
for periods of from 9 to 16 days showed that no eggs had been laid. 

Thjiee females mated with bar males produced po offspring during the 
five or six da^s which they lived. Five more, mated with bar males, also 
showeci^terilily. The mutation appeared in eosin-eyed cultures and 
stock is maintained by making a large number of pair matings from the 
bottle which tHj^w dibro. The appearance of dibro from any one pair 
shows that eacljfone of the parents must have carried the gene in ques- 
tion and indicates! the proper line from which to continue the stock. 

>• 

DWARF 

Aside from the fact that they are often lighter in color than the nor- 
mal stock, dwarf flies show few differences from the wild type except 
that implied by their name. Frequently they are smaller than the wild 
fly, being, approximately one-half the normal size but the range of varia- 
bility is very great and some individuals may overlap the normal. The 
eggs also are smaller than those of the wild fly. The long axis is con- 
siderably shorter giving the egg a chubby appearance. Not all the fe- 
males lay eggs. Of the eight females mated with either bar, dwarf, or 
wild males, and placed under observation for various periods of time, 
three produced no eggs, the other five gave 143, 50, 143, and 108, 
respectively (table 12). In the batch of 143 eggs, 54 of them dried up 
and therefore must not be included in the fertility percentage. From 
the total of 291 eggs, all from crosses in which bar or normal males had 
been used, only seven flies hatched. They were either bar or normal fe- 
males. It is to be noted that no males appeared, but this fact is probably 
not to be regarded as significant in view of the small numbers involved. 

Table 12 

Showing number of eggs laid by dwarf females and of flies hatched therefrom. 


No. of 
culture 

9 

Parents 

$ 

No. of days 
observed 

Eggs 

laid 

Flies 

produced 

1 

dw 

B' 

6 

0 

0 

2 

it 

dw 

12 

0 

0 

3 

tt 

N 

12 

8£K-S4 

4 

4 

tt 

B' 

14 

* 50 

I 

5 

tt 

tt 

9 

43 

0 

6 

tt 

tt 

14 

I 

0 

7 

tt 

tt 

14 

108 

2 

8 

tt 

tt 

II 

0 

0 

Total 



345 

7 
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In a previous experiment, in which no counts of the eggs were made, 
the fertility of 31 adults was tested and found to be zero. Two of 
the heterozygous females obtained from the group of 108 eggs in the 
egg-count experiment were mated to dwarf males and gave 160 normal 
flies to 21 dwarf females and 25 dwarf males. Twenty maroon dwarf 
females from this cross and 4 from another Fg group, were placed with 
bar or dwarf males, but did not yield a single individual. To sum up, 
3 out of 63 females proved slightly fertile. 

CLEFT 

Cleft (denoting a peculiarity in venation) is a sex-linked recessive 
(locus 65). Only males of this mutant type have appeared. Since they 
are sterile, it has not been possible as yet to obtain any cleft females. 
Stock is kept up by mating the daughters of any female which has 
thrown cleft. 

Examination shows that the testis is usually misshapen, often with 
the parts more or less fused, but containing live sperm. Copulation has 
not been seen to take place. Seventy-four males were put in separate 
bottles to which were added females from California (wild type), Aus- 
tralia (wild-type), bar or eosin crimson strains and, in two cases, nor- 
mal females heterozygous for morula. These bottles had previously 
been inseminated with larvae from yellow stock in order to keep the 
food in good condition. Four of them gave a few offspring but until 
tested it was not certain whether their paternal parent had been a cleft 
male or a yellow male that had chanced to hatch early. When the fe- 
male offspring mated, the kind of males they produced would indicate 
their ancestry, for both cleft and yellow are sex-linked and would there- 
fore appear in the F^. The results of the test of the daughters gave yellow 
males in every case, but no cleft, proving the paternal parent to have 
been yellow. 

In regard to the possibility of separating an (assumed) sterility 
factor from that of cleft it is to be noted that the separation could not 
take place in the male, since crossing over does not occur in the male of 
Drosophila. In the heterozygous female from which cleft males were 
derived, however, fertile sons might be produced. In the seventy-four 
tests made such an individual was not discovered. 

GENERAL DISCUSSION 

The words fertility and sterility are blanket terms, covering a wide 
variety of conditions and descriptive of the degree of activity of a 
physiological function. The terms do not stand for an allelomorphic 
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pair of genes. We may suppose that every species has achieved, during 
the course of evolution, a characteristic mechanism for propagating its 
own kind that has sufficed to effect its survival. This process of normal 
reproduction entails numerous complexities, the omission or dislocation 
of any one of which might bring about sterility. In many cases the 
sterility might be accidental and not transmissible from parent to off- 
spring, On the other hand, it is evident that a large number of either . 
physiological or morphological differences affecting the formation or 
growth of the germ cells, or the mechanism connected with their libera- 
tion or fertilization, might upset the normal function of reproduction 
and be dependent upon some chemico-physical basis in the germinal con- 
stitution which would be passed on from one generation to the next as 
a true hereditary factor. Any departure from the normal may alter 
the bal?ince of the reaction either towards an improvement over the 
condition ordinarily maintained or towards a less favorable one. If 
“fertility” expresses the normal condition, definitions may readily be 
found for such terms as “high fertility,” “partial sterility,” etc., the nor- 
mal always being retained as the standard of comparison. In a case 
like fused, the two conditions found in the female of complete sterility 
with its own males and partial fertility with males from other strains are 
probably both the manifestations of a single determining cause in the 
germ cell. Here, the number of individuals which reproduce and also 
the number of offspring from each individual, is affected. 

At present, it is not possible to state definitely whether the determin- 
ing causes for the cases reported in this paper, consist of separate genes 
which have sterility as their principal somatic expression or whether 
they are an integral part of the genes responsible for the associated char- 
acter, but the latter seems probable. It is evident that we are dealing 
with the activity of some factor and not concerned with inbreeding, with 
heterozygosity or the proportion of dominants present, all of which 
conceptions have been proposed as explanatory of various instances of * 
sterility or fertility. 

The sterility of three of the mutants reported here, rudimentary, 
fused, and reduced bristle, is evidently of the same type and may be 
elucidated by reference to the same theory. Morula, dwarf, cleft and 
dibro present no contradictory features. The fact that cleft is sterile 
in the male sex is readily harmonized with our theory on the assump- 
tion that the injurious influence of the cleft gene in the heterozygous 
female is so severe that it extends to the males produced by her, thus 
making them incapable of producing offspring. 

The ipost clear-cut case is that of “fused” and a detailed inquiry re- 



CERTAIN CASES OF INTRA-SPECIFIC STERILITY 531 

veals something of the mode of operation of the sterility connected with 
it. We have seen that the influence that causes the sterility is progres- 
sive, not acting with finality upon all of the gametes at any one point, 
but making itself felt throughout development. At two points in the 
process it is capable of being counteracted by its normal allelomorph. 
The harmful reactions (or inhibition of proper activities) set up by the 
gene, operate during oogenesis, in the stages previous to maturation 
and result in the production of a very small number of eggs unless their 
effect is checked by the presence of the normal allelomorph in the mater- 
nal chromosomal complex. In case the normal allelomorph is absent 
during prematuration, the few eggs laid perish unless the sperm which 
fertilize them bring in the normal allelomorph and restore to a certain 
percentage of them the usual course of development. The result will be 
that some of the females will produce a small number of offspring. 
When a sex-linked factor, such as fused, is concerned, the allelomorph 
is contained only in the X chromosome, i.e., the female-forming type of 
sperm, and therefore the Fj from a fused female results in females 
only. In the case of a non-sex-linked factor, like reduced bristles, 
either sperm may carry the normal allelomorph in the autosome so that 
both sexes are comprised in the filial generation. On the same principle, 
morula and dwarf would be expected to yield some males if larger 
numbers were involved. 

Rudimentary does not afford such a clear-cut case as fused but analysis 
of the data shows that the same principles are at work as in fused al- 
though the harmfulness of the latter gene is greater than that of rudimen- 
tary. A few rudimentary males may be formed when rudimentary fe- 
males are fertilized by normal males and the cross of rudimentary by 
rudimentary is sometimes partially successful. But that the difference 
between rudimentary and fused is one of degree rather than of kind 
justifies us in including them in the same general category. 

An interesting comparison, though not an exact parallel, in regard to 
the possibility of a prematuration influence, is afforded by the case of 
self-sterility in Nicotiana, reported by East and Park (1917). The 
non-occurrence of self-fertilization is explained by reference to the fact 
that male and female gametes have developed in the same individual 
and therefore under the influence of identical factors. Incompatible 
crosses are due to ‘‘the likeness of the parents in the effective hereditary 
factors postulated.’* The male gametes themselves may be of different 
kinds yet none can fertilize eggs from the same — or a similar — source 
as themselves. The prematuration influence in these plants appears to 


OftKSTics 4 : N 1919 



532 


CLARA J. LYNCH 


be dependent upon the presence in the parental complex of a factor for 
self-sterility together with an unknown number of additional genes in- 
stead of being narrowed down as in the case of fused to the influence 
of one particular factor. The analogy of the cases does not extend 
to the conception that the identity of parental constitutions, regardless 
of the gametic type, is responsible for the phenomena observed 
but merely that the sterility is determined by activities in the diploid cell 
prior to maturation. 

The experiments with fused have demonstrated that the Y chromo- 
some is beyond the influence of the factors in the X chromosome. Recent 
considerations on the structure and formation of the Y chromosome, pub- 
lished by Muller (1918), indicate that it is an accumulation of reces- 
sives, the product of degenerative changes in the factors. On this basis, 
it would not be expected to contain a gene in the locus corresponding to 
that of fused in the X chromosome that would be even remotely related 
to it. The behavior of the Y chromosome here, showing that it cannot 
be influenced by fused nor counteract the influence of fused upon other 
parts of the cell, is in accord with Muller’s work. 

While an exhaustive search for sterility factors is still to be com- 
pleted, certain facts concerning the nature of the element at work have 
been pointed out, whether these peculiarities are to be regarded as de- 
pendent upon the presence of a distinct entity, the sterility factor — or 
factors — or whether they are but additional manifestations of the mu- 
tant genes themselves. All of the cases investigated appear to belong to 
the same type, the most clearly defined instance being that of fused. The 
corroborative evidence furnished by the latter suffices to rehabilitate the 
discarded theory of prematuration and although the principle of repug- 
nance has not been substantiated an additional one has been suggested, 
namely, that of restoration. 

SUMMARY 

1. Males of the following races are fertile: fused, rudimentary, mor- 
ula, reduced bristle, and dwarf. Cleft males are sterile. 

2. Of the few individuals of dibro which were tested, both males and 
females were sterile. 

3. When mated with males of their own race, fused and morula fe- 
males are sterile, rudimentary females are partially so. 

4. When mated with males of other races, a certain percentage of 
morula, dwarf, reduced bristle, rudirnentary or fused females may give 
a few offspring; in a few cases morula and dwarf produced a very small 
number of individuals, all females; occasionally reduced bristle may 
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reproduce, giving a small number of each sex; rudimentary may yield a 
larger number of individuals, with females predominating; from 413 
fused females, 1628 females and no males (except a few produced 
through non-disjunction) have been obtained. 

5. In no case has it been possible to isolate a factor for sterility inde- 
pendent of the mutant factor itself. In each case the sterility shown is, 
therefore, probably one of the manifold effects of the gene responsible 
for the mutation. 

6. The sterility involved decreases not only the number of fertile indi- 
viduals in each race but also the number of offspring produced by each 
fertile female. However, the harmful effect of the mutant gene upon 
the egg may be counteracted at two points in the history of the gamete : 
(i) in the prematuration stages of oogenesis, that is, if the female is 
heterozygous for the mutant gene, a larger number of individuals will be 
produced than if she is homozygous; (2) if, at the time of fertiliza- 
tion, the sperm brings in the normal allelomorph, even though the female 
is homozygous and the number of eggs consequently reduced, a larger 
number of offspring will result than when the sperm carries the mutant 
gene. The Y chromosome has no corrective influence. 

7. No ‘"repugnance” has been observed between the gametes forming 
the recessive mutant classes. 

I wish to acknowledge my indebtedness to Professor T. H. Morgan 
for his helpful criticisms during the course of these investigations. I 
wish also to express my appreciation of the valuable suggestions of Dr. 
C. B. Bridges and Dr. A. H. Sturtevant. 
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INTRODUCTION 

From the morphogenetic point of view the manifestation of dimor- 
phism in certain races of plants, — the so-called ever-sporting varieties, — 
presents a very interesting problem. The remarkable feature of these 
races is the constancy with which the two diverging forms of the same 
organ are transmitted in ever-sporting fashiop; no breeding method 
has, as yet, been conceived by which, for instance, certain variegated 
types of plants or certain strains of Matthiola, could be induced to breed 
true. These races appear as compound forms ever transmitting the po- 
tentialities of the two component types. 

1 Papers from the Biological Laboratory of the Maine Agricultural Experiment 
Staton No. 131. 
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Dimorphism manifests itself in two. externally different forms. The 
different, “mutually exclusive*’ characteristics may appear simultaneously 
distributed in the organs of the same individual as in Trifolium pratense 
quinquefolium, Veronica agrestis; in another group of plants each indi- 
vidual of the race may display only one of the dimorphic characters as in 
the case of certain strains of Matthiola, Antirrhinum, Dipsacus sylves- 
tris torsus, etc. 

In interpreting these phenomena, de Vries, whose investigations in- 
volved a great abundance of material, assumes the peculiar behavior of 
these races to be due to the interaction of two “antagonistic, mutually 
exclusive, characters.” The operation of these two contending charac- 
ters within the individual leads to the formation of two distinct groups 
of plants, the half-races and the middle races or ever-sporting varieties. 
Opposed to this interpretation is the view held by certain writers who con- 
sider the ever-sporting nature of many of these races as mere somatic 
variations and relegate them into the group of non-heritable modifica- 
tions. 

More recently, however, some of the ever-sporting types in plants as 
well as in animals have been subjected to a genetic analysis and their 
peculiar mode of inheritance has been explained in terms of Mendelian 
factors. 

The purpose of the present publication is to record the results of a 
study on a highly variable, ever-sporting race which the writer has dis- 
covered in Fagopyrum tataricum Gaertn. {Polygonum tataricum Linn.). 
This race was isolated in 1916 and five generations have been grown 
since. In the course of his observations on this race the writer’s atten- 
tion was chiefly devoted to the stud)’ of variation and transmission of the 
external characters in an endeavor to establish first by direct experi- 
ment the hereditary behavior of this race under different conditions be- 
fore attempting an analysis of the underlying genetic causes. The study 
of the phenotypic expression of the characters of this new race has fur- 
nished enough interesting data and observations to warrant their pub- 
lication. 


MATERIAL AND METHODS 

The race with which this paper is concerned originated from com- 
mercial fruits of Fagapyrum tataricum Gaertn., Tartary buckwheat, 
also known as India wheat, which had grown in Maine. While examin- 
ing these fruits preparatory to planting in the spring of 1915, the writer’s 
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attention was attracted by a rather high number of fruits whose struc- 
ture differed from the normal triangular type in that they possessed a 
quadrangular and, some of them, a quinquangular form. In the spring 
of 1915 these abnormal fruits were planted along with several hun- 
dreds of normal fruits in rows in the cereal-breeding garden of this 
Station at Aroostook Farm. The rows were one foot and a half apart 
and the individual plants stood 3 inches apart within the rows. To 
guard against any possible interference on the part of insects the plants 
were covered with cheese-cloth screens. 

Frequent examination of the flowers borne by each of the plants 
originated from the abnormal fruits in the summer of 1915, revealed a 
high degree of variability in the number of carpels. Deviation from 
the normal number of perigone members was also noticed. Each of 
these plants was harvested separately and the fruits examined. The 
plants showed a varying degree of variability in the number of abnormal 
fruits. The precise ratio between the number of normal and abnormal 
fruits could not be established, as some of the fruits had been lost 
before the plants were examined. However, in all cases the number of 
abnormal fruits did not equal that of the normal ones. One plant was 
found to be distinguished by a particularly high degree o.f variability in 
the shape of its fruits. This plant was selected as a starting point of a 
strict pedigree culture in 1916. The strain descended from this original 
plant will be referred to here as line 5. 

For the purpose of comparative study, an apparently normal strain of 
Tartary buckwheat designated in our record books as line 22 was se- 
lected in the same year and grown ever since along with the highly var- 
iable line 5 under the same environmental conditions, as a control line. 

In order to test these strains in as many generations as possible in the 
course of a few years the development of these races was continued over 
the winter in the greenhouse. This afforded the further advantage of 
permitting the study of the race under different conditions of environ- 
ment. As will be seen later certain environmental conditions have a very 
marked influence upon the range of variation of the characters of this 
race. Indeed, the regularity and uniformity of response of the cul- 
tures to certain conditions of environment seem to throw some light 
upon the releasing agents that are involved in the manifestation of the 
variation and in the control of its scope in this race. A description of 
the different conditions of environment will be given later in connection 
with the analysis of the data on each generation. 
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The methods used in the examination of the material and in record- 
ing the data may here be briefly outlined. The variability of the race 
in question affects the number of carpels and perigone leaves. In re- 
gard to recording the number of carpels two methods have been used. 
The first one, the simpler of the two, consisted in the examination of all 
fruits of each plant and in their distribution in groups according to the 
number of angles of the fruits. As the angles of the buckwheat fruit 
correspond to the midribs of as many carpels, the number of angles of a 
fruit is equivalent to the number of carpels of the flower from which 
the fruit had originated. After sorting the different fruits into groups 
the individuals of each group were counted and the ratio of the dif- 
ferent groups established. Over 44600 fruits were recorded by this 
method. 

This method, while relatively simple and convenient, does not repro- 
duce an absolutely exhaustive and truthful picture of the entire range 
of variation. For, as will be seen later, the more extreme variants of this 
race, the flowers with higher numbers of supernumerary carpels, are 
sterile. Consequently the statistical examination of the ripe fruits does 
not reveal the entire range of variation which by neglecting the extreme 
variants, i.e,, the sterile flowers with a high number of supernumerary 
carpels, is manifestly narrowed down to forms more closely approach- 
ing the normal type. However, the extreme variants are rather rare and 
their exclusion from consideration affects the ratio between the total 
numbers of normal and abnormal flowers to only a slight degree. A 
complete picture of the range of variation embracing the full ampli- 
tude of the aberrant forms is obtained by the laborious method of picking 
and examining the flowers successively as they appear on the plant. 
The difficulty of this method is at once obvious if the smallness and struc- 
ture of the flowers of Fagopyrnm tatariemn are recalled. In order to 
determine the number of carpels, each flower was examined with the aid 
of a hand lens and the number of stigmas counted. In connection with 
the study of the distribution of abnormal flowers upon the plant as 
well as for the purpose of determining the complete range of variation 
of this race, over 12000 flowers were examined by this method. In all, 
upward of 57000 flowers and fruits were examined in the study of this 
race. 

Before considering the data it seems advisable to give a description 
of the morphology of the normal and abnormal flowers of this species. 
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DESCRIPTION OF THE NORMAL AND ABNORMAL FLOWER 

The flowers of Fagopyrum tataricum are normally borne on axillary 
simple racemes. The normal flower is typically trimerous except the peri- 
gone, which consists of a whorl of 5 similar green leaves with a yel- 
lowish tinge. The androecium is composed of two whorls of stamens. 
The outer whorl bears five leaves which according to Eichler (1876- 
1878) developed from an originally trimerous whorl by reduplication 
of two of its members. The inner whorl consists of three stamens. In 
contrast to the dimorphic heterostyly of the common buckwheat, Fago- 
pyrum esculentum, the flowers of Tartary buckwheat are homostyled, 
the relation between the height of the stamens and pistils being the 
same in all individuals of the species. The stamens of the outer whorl 
are usually incomplete with anthers scarcely developed. They seem to 
play no part in the pollination process. This is entirely left to the three 
stamens of the inner whorl. In examining such large numbers of flow- 
ers the writer invariably found the pistil to be very closely surrounded 
by the inner stamens ; their anthers adhere to the stigmas of the carpels 
and upon bursting cover them with pollen, thus insuring self-fertiliza- 
tion of the flower. This self-fertilizing mechanism of the flower of 
Fagopyrum tataricum makes this species far better adapted to the study 
of inheritance of its characters than the heterostylous Fagopyrum escur 
lentum, since it offers no difficulty in raising pure-line cultures. 

The gjmoecium is normally composed of three carpels which unite to 
form a triangular ovary. Each carpel is only slightly prolonged into 
a very short style terminating with a stigma. The normal fruit is a 
triangular achene or nutlet (figure i, first fruit in upper row). 



Figuse I. — Fruits of an ever-sporting strain of Fagopyrum tataricum with super- 
numerary carpels varying in number from 3 to 12. X 1.8. 
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The abnormal flowers occurring in this race show a great diversity 
of forms. The abnormal condition of the flowers affects chiefly two 
floral organs, the gynoecium and the perigone. It also affects the num- 
ber of flowers per individual pedicel as in the case of the so-called 
synanthous flowers. The characteristic feature of all abnormalities oc- 
curring in this race is that they represent deviations from the normal 
extending only in the plus direction. 

Before describing the main forms of the abnormal flowers we may 
note the scant references recorded in the teratological literature regard- 
ing variation in the flowers of Fagopynim tataricum. It may be stated 
in advance that a careful survey of the literature revealed only a single 
reference regarding variation in the number of carpels of Fagopyrum 
tataricum. Pullman (1905, p. ii), in his account of observations on 
Fagopyrum esculentum, calls attention to the occurrence of flowers with 
more than three carpels giving rise to achenes with four, five and more 
angles. In this account he makes a brief statement that '‘many-angular 
fruits also occur in Fagopyrum tataricunu' No other record regarding 
abnormalities in the gynoecium of Fagopyrum tataricum has come to the 
writer’s notice. Nor are references concerning the abnormalities in the 
gynoecium of Fagopyrum esculentum and in the Polygonaceae in general, 
to be found more frequently in the literature. While Pullman makes 
the first direct reference regarding supernumerary carpels in the gynoe- 
cium of Fagopyrum, the phenomenon was known, though not recog- 
nized as such, as far back as 1829 when Loiseleur and Deslongs- 
CHAMPS (cf. Penzig 1894, p. 265) found an unusually enlarged ovary 
of Fagopyrum esculentum which they erroneously described as a new 
species, Polygonum pyramidatum. This was undoubtedly a syncarpous 
gynoecium formed by supernumerary carpels. Weber (i860, p. 365) 
mentions generally the occurrence of an increased number of carpels in 
Polygonum. Bentham (1865, p. 714) describes the flower of Polyg- 
onum as having 2 or 3 styles, the fruit being, accordingly, flattened 
biangular, or triangular. Further references regarding the abnormali- 
ties in the gynoecium of the different forms of Polygonum sp. are found 
in Penzig’s "Pflanzen-Teratologie.” Thus in P. persicaria the style is 
2-3 cleft, the achene bi- or triangular. In P. orientate a gynoecium has 
been observed with two whorls of carpels. Clos (cited by Penzig 1894, 
p. 265) mentions a case of adesmy of the carpels in the same species. 
In the gynoecium of P. tinctorum, two instead of the normal number of 
carpels occur. 
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White it is of interest to note these instances of instability in the 
structure of the gynoecium in the different forms of Polygonum, it is 
equally obvious that these deviations from the normal type occur only 
very rarely and that their range of variability is very limited. Con- 
cerning the variation in the number of perigone leaves, the writer is not 
aware of any previously recorded observation in regard to Fagopyrum 
lataricum or Fagopyrum escidentum, though a few instances of such 
variations have been' noted in other forms of the Polygonaceae (cf. 
Webber 1889). 

The abnormal flower form most frequently encountered in our race 
possesses a gynoecium composed of 4 carpels giving rise to a quadrangu- 
lar achene. Frequently associated with this quadri-carpellate gynoe- 
cium is a perigone consisting of six instead of five leaves. As will be 
noted later, over 25 percent of all examined four-carpellate flowers bore 
six-parted perigones. Less frequently occurring are the five-carpellate 
flowers of which about 24 percent were found to bear six-parted peri- 
gones. Flowers with 6-10 carpels occur fairly frequently in this race. 
Flowers with ii, 13, and 15 carpels are of rare occurrence. A few flow- 
ers were observed with as high a number of carpels as 19 and 20. One 
flower was noted with a gjmoecium composed of 25 carpels and bearing a 
perigone of 18 leaves. This flower marked the most extreme variant 
observed in this race. The number of supernumerary members of the 
perigone varies up to 14 although a few flowers were found with 16 
perigone leaves. Eighteen perigone members were the highest number 
observed. Figure i presents a series of abnormal fruits originated from 
flowers with 4-J2 carpels taken from one plant. Figure 2, A, B, C, repre- 
sent flowers with 6, 7, and 8 perigone leaves. 

As the number of supernumerary carpels increases their frequency de- 
creases. In a flower with 8 or more carpels the shape of the gynoe- 
cium appears modified. The gynoecium loses its angular structure, the 
numerous, crowded carpels make it appear larger and more globular 
presenting on cross-section a wavy circular line. Very often these floral 
monstrosities show at the apex an aperture of varying width (see figure 
3, A). In some extreme cases the ovary is entirely open, forming at the 
top a more or less elliptical ridge which is lined lip with the stigmas of 
the numerous carpels. As a rule the flowers with over 7 or 8 carpds are 
sterile, but very frequently the ovary of these flowers increases consid- 
erably as seen in figure i , lower row, and assumes the appearance of a de- 
veloped fruit, only to wither within a short time. 
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Figure 2. — Abnormal blossofns of Fagopyrum tataricum. — A. Flower with six-parted 
perigone, B. Flower with eight-parted pcrigone. C. Flower with seven-parted peri- 
gone. D. A case of syncarpy. The fruit to the right is normal, triangular, the one 
to the left is abnormal, five-angled. The stigmas of the carpels are still noticeable 
at the summit of the fruits. All X 5- 

Before closing the description of the abnormal flowers attention may 
be called to another abnormality which hitherto has not been recorded 
for Fagopyrum tataricum. While in the abnormal flowers, considered 
above, the gynoecium bears the semblance of a single pistil, in the cases 
to be now considered, the flowers show two or three distinct pistils. Two 
forms of these abnormal flowers can be distinguished. The torus of the 
flower may appear unusually enlarged, and on its surface two or three 
distinct pistils may appear. All the pistils, however, are surrounded 
by a common perigone composed of numerous leaves. These flowers are 
naturally large and can be easily detected on the plant even in bud condi- 
dition. 
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Figure 3. — Abnormal blossoms and fruits of Fagopyrum tataricum. A. A monstrous 
fruit with 12 carpels, viewed from above. The carpels did not fuse at the summit, 
leaving a distinct, elliptical aperture. This type of fruit is invariably sterile. B. An 
interesting illustration of synanthous development involving 3 flowers. C. A case of 
synanthy involving two highly abnormal flowers. Each flower appears surrounded 
by a separate perigone. All X 5- 

The second form, more frequently met with, presents a structure 
known as ‘‘synanthy.” Two or three complete flowers are borne on a 
single, broadened pedicel and are surrounded by separate perigones. Syn- 
anthous flowers with two pistils (figure 3, C) occur rather often in this 
race while synanthies involving three flowers as shown in figure 3, B, are 
of rare occurrence. Regarding the structure of the flowers forming the 
synanthies it is of interest to note that, as a rule, they are themselves ab- 
normal in that their gynoecium is composed of more than three carpels. 
In a few rare cases where one member of the synanthy developed a nor- 
mal triangular pistil the other member was invariably found to possess 
abnormal pistils composed of more than three carpels. In cases where 
the number of carpels in the gynoecium of the synanthous flowers was 
comparatively low the flowers often developed to maturity giving rise 
to syncarpous fruits (figure 2, D). A more detailed account of the dif- 
ferent forms of synanthy occurring in this race will be given in another 
paper. 


ANALYSIS OF DATA 

First generation 

The data to be considered here will be presented in chronologic se- 
quence in connection with each of the five generations of this race. 

The first generation of the original plant selected in 1915 was grown 
in the greenhouse of the University of Maine in the winter of 1916, 
In order to determine the effect of nutrition upon the production of ab- 
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normal flowers, the fruits were subjected to different cultural treatment. 
A part of the fruits was planted in an 8-inch pot, No. 2, filled with nor- 
mal garden soil which had been mixed with ordinary commercial fer- 
tilizer. In the second series the other portion of the fruits was planted 
in pot No. 2a containing soil that had been mixed with a considerable 
amount of sand. 

Regarding the other conditions of environment, they were alike for 
the cultures in both pots. The temperature of the greenhouse was kept 
at 70-75 degrees Fahrenheit (21-23.8° C.). 

The examination of the flowers as they appeared on the i)lants re- 
vealed a high degree of variability in the structure of the gynoecium 
and perigone. In table i are given the frequencies of the different flower 
forms found on the plants grown in fertilized soil, in pot No. 2. 

Table i 

Line No. 5 . — Freqiiency distribution of the number of flowers with respect 
to the number of carpels. 

I Number of carpels 


Plant No. 

3 

4 

5 

6 

7 

8 

9 

10 

12 

14 

16 

Synanthies 

Total 

1 

33 

1 19 

15 

4 

I 

3 

I 

I 

I 



2 

180 

2 

39 

147 

31 

13 

2 

8 



2 


I 

3 

246 

3 

58 

222 

51 

17 

I 

4 

4 

5 

3 

I 


6 

372 

4 

35 

1 17 

22 

3 



I 

2 



I 

I 

181 

5 

40 

126 

28 

10 

2 


I 



1 


3 ! 

213 

1 

Total 

205 

1 731 

147 

47 

■ 6^ 

~ 1 

15 


10 

6 * 

I 

1 

2 

— -| 

15 

1192 

Percentage 

17.21 

61.33 1 

12.33 

3.94 

3 

1,26 1 

0.59 

0.84 

0.50 

0.08 

0.17 

1.26 



From these figures it is evident that the number of abnormal flowers 
is far in excess of that of the normal ones, the percentage ratio being 
17.21 : 82.79. The flowers with four carpels show the highest frequency, 
constituting 61.33 percent of all flowers and 74,06 percent of all ab- 
normal flowers. The percentage frequencies for all five plants are graphi- 
cally represented by the solid-line curve in figure 4. It is a bilateral 
curve whose apex is determined by the four-carpellate flowers. The 
short left flank of the curve is determined by the normal flowers while 
the abnormal variants form the extended right flank of the curve. 

In examining the figures in table i and the corresponding curve in 
figure 4, it may be noted further that while the frequency distribution 
as a whole decreases with the increasing number of carpels per flower, 
the flowers with an even number of carpels occur more frequently than 


Genetics 4: N 1919 



544 


JACOB ZINN 



3 * s i r ! i to n n a M IS tt 

MuMBCK or cmreis 


Figure 4. 

those with an odd number of carpels from the six-cari)ellate flower on. 
Flowers with ii and 13 carpels are of very rare occurrence while flowers 
with 15 and 17 carpels have not been observed either in this or in the 
following generations. To be sure, the number of flowers in the higher 
polycarpellate categories is small but it is of interest to note that this 
tendency of the anomalies to, produce more pistils of an even number of 
carpels than those of an odd number has been maintained in all genera- 
tions of this race in which the more extreme anomalies have been pro- 
duced. This tendency, as will be clearly seen from figure 4, inter- 
feres with the regularity of the curve of variation. 

Associated with the variation in the number of carpels in the flowers 
of this race is a comparatively moderate degree of variability in the num- 
ber of the perigone leaves. At the time when the data on the ffirst gMt- 
eration were collected the variations in the perigone were also noted, 
but the data do not represent the exact numerical relationship between 
the different categories of the perigone forms as they were not rworded 
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until sometime later when it was discovered that their occurrence was 
more than accidental. It is in connection with the study of the fourth 
generation of this race that an exact statistical examination of the varia- 
tions in the perigone was made. The data as they were recorded for 
the first generation are given in table 2 in totals for all the five plants. 


Table 2 


Number of perigone 
leaves 

' 5 


7 

1 ^ j 

r;] 

1 j 


[ Total 

Number of flowers 

1053 

86 

25 

5 

4 

3 

I 

1177 

Percentage 

8959 

7.21 

2.1 1 

042 

0.34 

0.25 

008 

100 


These figures clearly show that the frequency distribution of the flow- 
ers with the normal five-parted perigone prevails decidedly over those 
with abnormal perigones, the percentage ratio being 89.59:10.41. 
Among abnormal perigones the six-parted perigone shows the highest 
frequency, 69.35 percent of all abnormalities. In accordance with nu- 
merous observations of de Vries (1910), Harris (1917), and other wri- 
ters, the frequency distribution in this case decreases with the increasing 
degree of the deviation. This variation can be represented in the form 
of a skew or unilateral cuiwe whose apex is foniied by the normal five- 
parted perigone of the species. 

The plants that grew in the unfertilized sandy soil were found to 
behave very much like the plants considered above. The statistical ex- 
amination of these plants, 15 in all, with regard to the variation in the 
gynoecium, gave the results shown in table 3. 


Table 3 


Number 
of carpels 

1 3 j 

1 4 

... J 

6 

7 

1 8 

9 

10 

^1 

1 

! 13 

20 

1 Total 

Synanthies 

Frequency ... 

1 

437 

1436 

300 

63 

8 

18 

9 

10 

3 

6 

I 

2 

2293 

28 

Percentage 

18.83 

^2.62 

13.08J 

2.75^ 

0.35 

0.79 

0.39 

0.44 

O.I^ 

0.26 

0.04 

0.08 


1.22 


A comparison of these percentage frequencies with those given in table 
I for the plants grown in fertilized soil shows that the behavior of the 
plants in both series in regard to the distributions of the corresponding 
categories of flowers is practically identical. The difference in the 
media in which the plants grew affected neither the numerical relation- 
ship bfetween the different classes of variants nor the range of the varia- 
tions. 
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Very similar conditions in both series of plants were found to prevail 
in the case of the variations in the number of perigone leaves. Table 4 
gives the frequency distribution of the flowers with respect to the number 
of perigone leaves in the 15 plants grown in sandy soil in pot No. 2a. 


Table 4 


Number of perigone leaves 

5 

‘6 

7 

8 

10 1 

12 

13 

14 

18 

Total 

Frequency 

1994 

1 217 

43 

17 

5 

4 

I 

I 

I 

2293 

Percentaffe 1 

1 87.11 

1 

1 2.28 

0.7.^ 

1 0.22 1 

0.17I 

0.04 

0.04 

0.04 1 

100.00 


It will now be of interest to turn our attention to the first generation 
of plants originated from fruits of the plant that appeared originally as 
£•. normal representative of the species as it had not produced any other 
than triangular fruits. The first generation raised from these fruits 
comprised 13 plants which grew alongside the first generation of the 
variable race considered above. The flowers of all the 13 plants were 
examined in the same manner as those of the variable race with the 
results given in table 5. 

Table 5 

Line No. 22. — Frequency distribution of flowers with respect to the number of carpels. 


Plant No. 


Number of carpels 

1 

Total 

2 

3 

4 

5 

6 

I 


165 

4 



169 

2 

I 

140 

10 


I 

152 

3 

I 

189 

14 

I 


20s 

4 


76 

8 



84 

5 


68 

4 



72 

6 

I 

73 

3 



76 

7 


131 

4 



135 

8 

I 

62 

3 



66 

9 


52 

4 



56 

10 


37 




37 

II 


23 

I 



24 

12 


43 




43 

13 


27 



1 

27 

Total 

1 4 

1086 

55 

I . 

I 

1147 

Percentage 


94.68 

4.79 

0.09 

0.09 

100 


From table 5 it is evident that the 13 plants of line No. 22 exhibit 
an entirely different behavior from that of the variable line No. 5. The 
normal flowers of the species constitute in line No. 22 the bulk of the 
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flower output while the abnormal variants represent only 5.32 percent of 
all the flowers. With regard to the variations in the perigone leaves, 
29 flowers out of a total of 1147 or 2.53 percent developed a six-parted 
perigone. While this strain may well represent the normal, slightly Vari- 
able type of the species, its behavior under greenhouse conditions sug- 
gested a similarity with a number of strains which de Vries has named 
'‘half-races*' in distinction from the ever-sporting varieties. 

Second generation 

In order to examine the behavior of the characters of these two lines, 
a limited number of flowers on the plants of the first generation were 
marked, to avoid repetition in counting, and permitted to mature. The 
matured fruits were harvested from each plant separately and planted 
outdoors in the spring of 1916. The fruits from plant 5, pot 2, of the 
ever-sporting line No. 5 and from plants No. 3 and 7 of pot 4, of line 
No. 22 were subjected to different cultural treatment. The fruits of 
each plant were divided into two parts; one portion was planted in pots 
(Nos. 15. 16 and 17) containing only gravel, while the other portion of 
the crop was planted in pots (Nos. 18, 19 and 20) filled with rich soil 
mixed with commercial fertilizer. A number of fruits from other plants 
of the first generation were planted in pots (Nos. 22, 23 and 24) filled 
with normal soil. All the pots were placed outdoors. The data on 
the variation of these plants were obtained by determining the number of 
angles of each fruit and then grouping the fruits into the different 
categories. In table 6 are given the data for the second generation of 
line No. 5, 

A comparison of these figures with those on the first generation pre- 
sented in table i shows a striking difference in the range of variation and 
in the numerical relationship between the different variants. The aver- 
age percentage ratio between the normal and abnormal fruits in all the 
second-generation plants of this race is 62.85 .'37.15 as against 17.21 182.79 
in the first-generation plants. No less affected is the range of variation 
which is narrowed down to six-angular fruits, i.e., six-carpelled flowers, 
as the most extreme variants. Thus our race under the conditions influ- 
encing the growth of the second generation not only failed to progress 
in the development of its character, but showed a very distinct reversion 
toward the normal type of the species. 

The data on the second generation of the very slightly varying line 
No. 22 are given in table 7. 
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Table 6 

Line No. (f) and percentage frequencies of numbers of fruits 

with respect to their number of carpellary angles. 


Pot No. 

1 , 1 
I Source of 


Number of fruit-angles 





Svnrarnioc 

1 fruits 

Medium -j 


3 1 


4 I 

L_. s _ j 


6 



1 

1 

1 

f 1 

percent 1 

f 1 

percent | 

il 

percent | 

;.f| 

percent 

f 

percent 

17 

[plant 5, pot 2 

Gravel 

1 

486I 

66,30 

235 

3177 

10 

1.36 

1 

0.14 

3 

0.41 

20 

Plant 5, pot 2 

Rich soil 

864 

66.72 

295 

30.50 

34 

2.62 j 

I 

0.08 

I 

0,08 

22 

Plant 4, pot 2 

Normal soil 

295 

63.58 

164 

35.34 

5 

1.08 





23 

Plant 3, pot 2 

Normal soil | 

187 

61.51 

no 

36.19 1 

7| 

2.30 





24 

Plant 10, pot 2 

Normal soil 

687 

I 56.13 

459 

37.50 

78 

6.37 






Table 7 

Line No. 22.— Actual (f) aiui percentage frequency of number of fruits with 
respect to their number of carpellary angles. 


1 



Number of fruit angles 

Pot No. 

Source of fruits 

Medium 

3 



4 

i 



f 

percent 

f 

percent 

i 

15 

1 

Plant 3, pot 4 

Gravel 

222 

99.10 

2 

0.90 

19 

Plant 3, pot 4 

Rich soil 

1839 

9973 

5 

0.27 

16 

Plant 7, pot 4 

Gravel 

175 

100 



18 

Plant 7, pot 4 

Rich soil 

1491 

99.46 

8 

054 

21 

Plant 10, pot 4 

Normal soil 

470 

100 




When compared with the data on the first generation given in table 5, 
these results show, as in the case of the ever-sporting line No. 5, that 
the conditions under which the second generation plants grew, nar- 
rowed the range of variation and favored the development of the normal 
type of flower or fruit. The average percentage ratio between the nor- 
mal and abnormal fruits of the second generation plants is 99.66 : 0.34 
as against 95.01 : 4.99 in the first generation. 

Third generation 

The third generation of the two strains was grown in the summer of 
1917 under three different sets of environmental conditions. In the first 
series the fruits were planted in pots containing fertilized rich loam of 
Aroostook County, Maine, and were placed in the greenhouse at the 
Aroostook Farm. The second series comprised plants originated from 
fruits that had been planted in pots filled wfith sand and gravel and 
placed outdoors. In the third series the fruits were sown in the open 
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Line No. s,---Actual (f) 

Pot Of 
row No. 

No. of 
plants 

Source of 
fruits 

Medium and j 

i 

Pot 28 

6 

Plant I, pot 20 

Rich soil, grd 

Pot 35 

13 

Plant I, pot 20 

Sand, outdoorii 

Row 713 

2 

Plant I, pot 20 

Garden 

Pot 30 

4 

Plant I, pot 17 

Sand, outdoorj 

Row 715 

2 

Plant I, pot 17 

1 Garden 


Line No. 5.— (j 






JPlant No. 

3 

4 

5 

6 

7 

.rotal 



f 

percent 

f 

percent 

f 

percent 

. 

percent 

f 

r 

percent 




I 

78 

17.69 

320 

72.56 

27 

6.12 

5 

1.13 

2 

045 

441 

Pot 36 • 

2 

49 

14.41 

249 

73.24 

17 

5.00 

10 

2*94 

1 

0.29 


340 

3 

no 

19.97 

389 

65.27 

46 

7.72 

10 

1.69 

3 

0.50 


1596 


1 ^ 

130 

16.62 

520 

67.01 

66 

8.51 

14 

1.80 

5 

0.64 


176 

Pot 37 * 

5 

136 

20.80 

430 

65.60 

51 

7.80 

8 

1.22 

6 

0.92 


554 

6 

150 

21.08 

488 

68.54 

49 

6.88 

7 

0.98 

3 

0.42 


fl 2 

Pot 39 1 

7 

127 

15-05 

572 

67.77 

67 

7.94 

24 

2.83 

9 

IX)7 


844 

1 ® 

190 

17.48 

719 

66.51 

101 

9.34 

15 

1.39 

.J 

0.56 


38 i 

Total 

979 


3687 

1 

424 


93 


35' 


] 

h “ 

M4 

Percent 

17-98 


67.73 


7 . 79 ! 


I7j 


0.64 

y 

I 

h" 
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ground in the cereal garden. It should be noted that the fruits of each 
individual plant selected for the propagation of the race, were subjected 
to the three different cultural treatments. 

In table 8 are given the summarized results obtained from the exami- 
nation of the three series of plants of the third generation of the ever- 
sporting race. 

From these figures it will be noted that the third generation of the ever- 
sporting variety also displayed a type and range of variation different 
from that of the first generation. The figures taken as a whole in con- 
junction with the data, not given in the above table, on a number of 
plants grown in the garden, indicate that the variation is unilateral, 
with the normal type of flowers prevalent over the abnormal flowers, 
though not so distinctly as in the second generation. 

If we may assume the variation manifested by the plants grown in 
the garden to be typical of the third generation, the ratio between the 
normal flowers and the total of abnormal flowers was found to be 52.78 : 
47.22. The dash-and-dot curve in figure 4 illustrates the variation in 
the type of fruits of the third-generation plants grown in the garden. 

The results obtained from the examination of the third generation of 
line No. 22 may be stated briefly. The series grown in pots filled with 
sand and gravel and kept outdoors comprised 23 plants which developed 
only triangular fruits, 381 in all. The data on the series grown from 
the same fruit fraternity in garden rows were based on the examination 
of 10 plants that yielded a total of 3191 fruits. Of these 99.47 percent 
were triangular, 0.44 percent four-angular, and 0.09 percent five-angular, 
fruits. 

From a consideration of the three generations thus far analyzed it is 
evident that the variations shown by the second and third generation are 
significantly different from those of the first generation, notwithstanding 
the fact that in many points, notably the nutritional conditions prevailing 
in the second and third generation, the cultural treatment was very much 
like that in the first generation. This pointed strongly towards the exis- 
tence of certain specific conditions prevailing in the greenhouse of the 
University of Maine, where the first generation had grown, that might 
have operated in a manner favorable to the development of abnormal 
flowers in this race. With a view to testing the influence of these con- 
ditions the fourth generation of both races was grown again in the 
University greenhouse, in the winter of I9i7-’i8, under conditions as 
nearly identical with those of the first generation as possible. 


Genetics 4: N 1919 



550 


JACOB ZINN 


Fourth generation 

The bulk of the fourth-generation plants originated from fruits borne 
by plants that had grown in the summer of 1917, in pot No. 26 in the 
greenhouse at the Aroostook Farm, and which had yielded 2754 fruits, 
48.17 percent of which were triangular, 46.07 percent four-angular, 5.73 
l^ercent five-angular, and 0.04 percent six-angular. The kind of fruits 
and nutritional stratum for the raising of the fourth generation were 
selected in a manner that promised to furnish some evidence relative to 
a few problems, that have developed in the course of the study of 
line No. 5. For the continuation of this race from generation to gen- 
eration four-angled fruits were chiefly used, but in some cases, where 
three-angled fruits were used, it w'as noted that their offspring did not 
differ markedly from that raised from four-angled fruits of the same 
plant. , It was thought desirable to obtain some evidence on this question 
by the examination of the material furnished by the fourth generation. 
In connection with the study of the fourth generation an attempt was 
also made to determine the periodicity, if any, in the occurrence of ab- 
normal flowers or fruits of this race at different flowering periods of 
the plant. This problem will be dealt with in a separate section of this 
paper. Finally, the inquiry into the effect of optimum and deficient 
nutrition upon the variation of the flowers was continued in the fourth 
generation. 

With these problems in mind, three-, four- and five-angled fruits of 
the same fruit fraternity from pot No. 26, were planted separately in 
three pots. Nos. 36, 37, and 38, respectively. All the three pots had 
ordinary garden soil as a common growth medium. Another part of 
fruits of the same crop was planted in pot 39 filled with composted soil, 
while still another portion of the crop was planted in pots 42 and 48 
filled with sand. 

The fruits for the continuation of line No. 22 were taken from the 
third-generation plants that had grown in the summer of 1917 in plot 777, 
row 738, in the cereal garden, yielding 99.28 percent of three-angular, 
and 0.72 percent of four-angular, fruits. Some of the three-angular 
fruits of this plant were planted in pot 46 filled with composted soil. In 
contwetion with the determination of the effect of environment upon the 
variation in the flowers a number of other pot cultures were grown but 
they may be passed over here as they will be referred to when the ques- 
tion of the influence of environment will be discussed in another section 
of this account. All the pots were placed closely together on the south 
side of the University greenhouse. 
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Three plants each from pot 36 and 37 and 2 plants from pot 39 were 
selected for the study of the periodicity in the frequency occurrence of 
the abnormalities. The flowers of these plants were examined and re- 
corded daily, including Sundays, by the method previously pointed out. 
The flowers of 2 plants in pot 38 were also examined in the same way, 
but not recorded daily, as they were not included in the material for 
the study of the periodicity in the occurrence of the different forms of 
flowers. The flowers on the remaining plants in each of the pots men- 
tioned above were left unmolested to maturity when their fruits were 
examined and their different forms recorded. Thus by examining the 
variability of two sets of plants grown in the same pot and raised from 
the fruits of the same plant, each by a different method, it could be de- 
termined to what extent the method of counting and examining the 
ripe fruits followed in the analysis of the second and third generation 
approached the exhaustive picture of variation obtained by the counting 
and examination of the flowers. 

The data collected by examining all the flowers, 5444 in all, on some 
of the plants in pots 36, 37 and 39, are regarded here as representing 
the type and range of variation of the fourth generation of this race. 
The actual and percentage frequencies of the different flowers of the 
fourth generation plants are presented in table 9. 

A comparison of these figures with the data on the first generation 
given in table i at once reveals a striking similarity of type and range of 
variability in the two generations, thus bearing out the assumption made 
above. The average percentage distributions of the flowers of the first- 
and fourth-generation plants, given in the lowest horizontal array in 
both tables, are practically identical, indeed, they are in more complete 
accord with each other than the corresponding distributions of flowers 
on plants grown in the same pot in each of the two generations. While 
there is a slight variation in the numerical relationship of the abnormal 
variants of both generations, the percentage ratio between the normal 
flowers and all abnormal flowers is practically the same, being 17.21 : 
82.79 generation and 17.98:82.02 for the fourth genera- 

tion. The similarity of the variability in the first and fourth generations 
is graphically represented by the dashed and solid curves in figure 4. 

It may be argued that these highly concordant results obtained for the 
first and fourth generations as well as the much higher degree of varia- 
bility of these as compared with the second and third generation, may be 
due to the fact that in the examination of the first and fourth generation 
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the method of picking and examining the flowers was used while the 
results for the second and third generation were obtained by examining 
the ripe fruits. It is also conceivable that the traumatic stimulation 
caused by the daily removal of the flowers may have influenced the de- 
gree of development of the abnormalities. It will, therefore, be instruc- 
tive to consider now the results obtained from the examination of 
these plants from pots Nos. 36, 37 and 39, whose intact flowers were 
permitted to develop into fruits which were examined at maturity in 
the same manner as in the case of the second and third generation. 
Table 10 gives the summarized results for 7 plants from each pot. 


Table 10 

Line No. 5. — Actual (f) and percentage frequency of number of fruits with respect to number of 

pellary angles. 







Number of fruit-angles 



Pot No. 

No. of 
plants 

J 

4 


5 


6 


8 



f 

percent 

f i 

percent 

■f 1 

percent 

f 

r 

percent 

f 

percent 


36 1 

7 

' 1 

32 1 

23.02 

1 

84 

60.43 

19 

13.67 

1 

4 

2.88 




37 

7 

25 

17.60 

95 

12.68 

18 

12.68 

2 

1.41 

aj 

1.4T 


39 

7 

31 1 

15.66 

^57 : 

79.29 

9 

4.55 

1 

0.60 




Total 

88 j 

1 

1 

336 


46 


7 


2 



Percentage 

1 

18.37 


70.15 1 


9.60 


I1.46 

1 

0.42 




The figures in table 10, when compared with those in table 9, clearly 
show that the results obtained by the examination of the ripe fruits are 
practically the same as those secured by the examination of picked flow- 
ers. It is true that the range of the variation determined by the former 
method is somewhat limited owing to the failure of the flowers with high 
numbers of carpels to set fruits, but the percentage ratio between the 
normal and all abnormal flowers — 17.98:82.02 — is practically the same 
as the percentage ratio between the normal and all abnormal fruits 
18.37:81.63. 

Turning to the question of the behavior of .the offspring from normal 
and abnormal fruits borne by the same plant we may now consider the 
results obtained for the plants in pots 36, 37 and 38. The data on the 
plants of the last-named pot have not been included in table 9, as they 
were not collected daily as in the case of the plants in the other pots. 
As will be remembered the plants in pot 38 originated from three-angular 
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fruits, those in pot 37 from four-angular, and those in pot 36 from 
five-angular fruits. The data on the offspring of the four- and five- 
angular fruits have been already given in tables 9 and 10, pots 36 and 
37, respectively. The data on the 3 plants that had originated from 
triangular fruits in pot 38 are given in table ii. 


Table ii 


Number of carpels 

3 

4 

5 

6 

7 

9 

10 

12 

16 

Synanthies 

Number of flowers 

64 

226 

27 

7 

3 

3 

I 

3 

2 

8 

Percent 

18.60 

65-71 

7^ 

2.03 

0.87] 

0.87 

0.29 

0.87 

0.58 

2.33 


The examination of the fruits of ii plants that had originated from 
three-angled fruits and grown in pot 38 along with the three plants just 
dealt with, gave the following result: 15.32 percent of three-angular 
fruits, 76.64 percent of four-angular, 6.57 percent of five-angular, 
0.73 percent of six-angular fruits, and 0.73 percent of syncarpous fruits. 

From a comparison of the figures just given with those in table 9 
for the plants in pots 36 and 37, it is evident that the offspring raised 
from three-angular fruits reproduce the same type and scope of varia- 
bility as the offspring raised from abnormal, four- or five-angular fruits. 
The similarity of conditions prevailing in all the three progenies is 
brought out more plainly by bringing together their respective per- 
centage ratios between the normal and abnormal flowers or fruits (see 
table 12). 


Table 12 




Angles of 

Percentage yields of fruits 


No. of plants 

fruits 

planted 

Normal 

Abnormal 

Pot 3S 

j 

[3 

3 

18.60 

81.40 (flowers) 

i 

)u 

3 

15.32 

84.^ (fruits) 

Pot 37 

1 

\ 3 

4 

19-05 

80.95 (flowers) 

i 

f 7 

4 

17.60 

8240 (fruits) 

Pot 36 

1 

1 3 

5 

17.36 

82.64 (flowers) 

4 

1 

[ y 

5 

23.02 

76.98 (fruits) 


From a morphogenetic point of view these results in conjunction with 
the other similar data collected on the previous generations, are of im- 
portance. They indicate that the descendants of this race reproduce 
the ever-sporting type of the mother plant regardless of whether they 
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originated from normal or abnormal fruits of the parent. This is in 
accord with the observations of de Vries (1910, p. 526) on fasciated 
races and other ever-sporting varieties, and of Bateson and Miss Pertz 
(1900) on Veronica Buxbaumii. The normal three-carpelled flower 
or the triangular fruit of the ever-sporting variety represents only ap- 
parent (phenot)rpic) reversions to the original, normal type of the species ; 
in reality they carry the potentialities of the ever-sporting character 
which their offspring manifest in practically the same degree as the 
progeny raised from the abnormal fruits of the race. 

This dimorphism is a typical attribute of this ever-sporting line and 
as constant as the monomorphic, normal type is characteristic of line 
No. 22. This is demonstrated by the following experiment. As will 
be remembered line No. 22 produces under favorable conditions as high 
as 5 percent of four-angular fruits, the remaining being triangular. As 
soon as the type of this line had been established it became a matter of 
interest to find out the behavior of the offspring raised from four-angular 
fruits borne by plants of this strain. In this experiment four-angular 
fruits of a fourth-generation plant that had developed 97.28 percent of 
three-carpelled and 2.72 percent four-carpelled flowers, were planted in 
the summer of 1918, in pot 69 which was filled with rich, fertilized soil 
and placed in the greenhouse at the Aroostook Farm. As a check tri- 
angular fruits of the same plant were planted in pot 51 under the same 
conditions of environment. From the four-angular fruits only one plant 
was raised to maturity which yielded 662, or 97.35 percent, of triangu- 
lar fruits and 18, or 2.65 percent, of four-angular fruits. The two plants 
that were raised as a check from triangular fruits of the same mother 
plant yielded 749 or 97.53 percent of triangular fruits, 18 or 2.34 per- 
cent of four-angular, and i five-angular fruit. These results clearly sho\^ 
that the four-angular fruits which only rarely occur on plants of line 22 
reproduce the normal monomorphic type of that line in a degree almost 
identical with that produced by the triangular fruits of that race. 

We may now turn to the variations of the perigone in the fourth- 
generation plants. The data dealing with this phenomenon are more 
exhaustive than those for the first generation. They were recorded for 
the plants in pots 36, 37 and 39, daily, on the same flowers that were 
discussed above with respect to variations in the gynoecium. The actual 
distribution of the flowers with regard to the number of leaves in the 
perigone and the percentage frequencies for each category of flowers 
of each plant as well as the percentage frequencies for the total number 
of flowers are given in table 13. 
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As in the case of the first generation the number of flowers with a 
normal five-parted perigone is far in excess of the number of flowers 
with abnormal perigones. The variation is unilateral, the frequencies 
decreasing as the number of perigone leaves increases. The ratio be- 
tween the normal and abnormal perigones in the fourth-generation 
plants is more in favor of the abnormal perigones than in the first-gen- 
eration plants, owing, undoubtedly, to the fact that in the former case 
the observations on the variations of the perigone were complete while 
in the latter case they have not been recorded for a number of flowers. 

In examining the flowers it was noted that the variations in the gynoe- 
cium were associated with abnormalities in the perigone. This relation 
is illustrated in table 14. 


Table 14 

Line Np. 5. — Actual frequencies showing relation between number of carpels and 
number of perigone leaves. 


Number of peri- j Number of carpels 
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gone leaves 
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1 5 1 
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5 

3 
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— 

— 

— 

— 

— 

— 
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10 
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7 
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In this table are presented the actual frequency distributions in rela- 
tion to the number of carpels and perigone leaves. This relation is 
more clearly brought out by the percentage frequencies given in table 15. 

From tables 14 and 15 it is evident that the variations in the gynoecium 
are correlated with the abnormalities in the perigone. The normal, 
three-carpelled flowers show the highest percentage of normal five-parted 
perigones. In the same measure as the number of carpels increases, the 
frequency of normal, five-parted perigones, on the whole, decreases, the 
normal perigone being substituted by those with a higher number of 
leaves. Thus, perigones with 9 leaves and above are not associated 
with three-carpelled or even four-carpelled gynoecia, while gynoecia 
with a number of carpels above 13 are not found to be associated with 
five-, six-, or seven-parted perigones. 
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Table 15 

Line No. 5 . — Percentage frequencies showing relation between number of carpels and number 

of perigone leaves. 


Number of 
perigone 
leaves 






Number of carpels 






3 

4 

5 

6 

7 

8 

9 

10 

II 

12 


14 

18 

19 

5 


71.30 

S&96 

35 - 4 * 

54.29 

42.35 

48.15 

36.59 

25.00 

56.2s 

33.33 




6 

8.78 

25-33 

24.76 

26.88 

2.85 

14.89 

3.70 








7 

1.33 

3.09 

14.1S 

23.66 

1143 





6.2s 





8 

0.20 

0.27 

1.88 

10.75 

14.29 

31.91 
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0.24 

3.23 

17.14 

2.13 

18.52 

7.32 
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This correlation between the number of carpels and the number of 
perigone leaves will be recurred to in the discussion of the periodicity in 
the occurrence of the abnormalities in this race. 

The behavior of the fourth generation of line No. 22 may be briefly 
mentioned here. Triangular fruits from a third-generation plant that 
had grown in the garden in the preceding summer, were planted in pot 
No. 46 filled with composted soil and placed in the University green- 
house along with the plants in pots Nos. 36-39, considered above. Three 
plants whose flowers were examined, yielded 578 or 97.28 percent three- 
carpelied and ii or 2.72 percent four-carpelled flowers. These results 
show a rather lower degree of variability than in the first generation of 
this line. Compared, however, with the second and third generation of 
this race, the fourth generation is appreciably more variable. 


Fifth generation 

The fifth generation of these two strains was grown in the open gar- 
den and in the greenhouse at Aroostook Farm in the summer of 1918. 
This generation has again borne out the constancy of the type of varia- 
bility of the two lines under a given set of environmental conditions. 
The series of plants of line No. 5 grown in the greenhouse yielded data 
given in table 16. 


Table 16 



Number of fruit-angles 
34567 

Percentage frequency 

34.58 49.40 15.33 0.51 0.17 

1 
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The fifth-generation plants of this race grown in the garden made a 
very vigorous growth, as each plant was allowed ample space, 2 feet 
square, to stimulate the development of fasciations. The mode of varia- 
tions in the gynoecium, however, did not deviate materially from the 
third generation grown in the open in 1917. The examination of these 
plants gave the percentage frequencies shown in table 17. 


Table 17 



1 

Number of fruit-angles 

456 

7 8 

Percentage frequency . . . 



5078 

4447 

4-i6 0.37 

— 0.21 


The fifth-generation plants of line No. 22 in the greenhouse yielded 
97.35 percent of three-angled and 2.65 percent of four-angled fruits. 

The analysis of the five generations of the two strains of Fagopyrum 
tataricum has brought out the following points. The ever-sporting 
strain, after isolation, at once displayed the highest degree and fullest 
scope of its variability reached in the subsequent generations under 
similar conditions. The ever-sporting character was transmitted to all 
members of subsequent generations with a striking regularity and uni- 
formity in its degree and scope under a given set of conditions of en- 
vironment. The extent of the reversion of the ever-sporting character 
towards the normal specific type as evidenced by the lower proportions of 
abnormal forms in certain generations, was proved to be controlled by 
the environment since upon bringing up the subsequent generation under 
the original conditions, the original degree and range of variability was 
restored. Selection appeared to have no effect whatever upon the im- 
provement of the ever-sporting variety. The effect of nutrition will be 
considered in a later section of this paper. 

PERIODICITY IN THE MANIFESTATION OF THE CHARACTERS OF THE 
EVERI-SPORTING VARIETY 

De Vries (1905, p. 361, 1910, p. 323) has established for a number 
of ever-sporting varieties that the occurrence of their abnormalities is 
subject to a definite law. According to his observations this law is 
determined by the individual strength of the different organs of the 
ever-sporting plant which in turn is determined by external conditions 
of life, primarily nutrition. “The stronger a bud is the more it is liable 
to produce anomalies” (de Vries 1910, p. 324). This would explain 
the more frequent occurrence of abnormalities in best nourished regions 
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on the plant so frequently observed in many instances by de Vries. In 
its application to the plant as a whole this law represents an instance of 
the fundamental rule that every living organism shows in the course 
of its life a gradual increase in strength to a maximum after which 
a decline in vigor follows. De Vries sees a rhythmic parallel between 
this general law of periodicity in the life cycle of a plant and the mani- 
festation of anomalies, the height of the development and differentia- 
tion of the plant coinciding with the maximum output of abnormalities. 
This would explain the periodical occurrence of abnormalities at dif- 
ferent periods of the life cycle of the plant, as illustrated by numerous 
examples cited by de Vries. According to these considerations the 
operation of the law of periodicity can be briefly defined by stating that 
it manifests itself in two ways : in determining the occurrence of abnor- 
malities in relation to position on the different parts of the plant, and in 
relation to time in the cycle of the plant life. 

Apart from de Vries’s numerous observations many of which, how- 
ever, are of a casual nature, the validity of this law has been critically 
tested in only a few instances. Bateson and Pertz (1900, p. 82) found 
that the ‘‘chief output of abnormal flowers of Veronica Buxbaumii takes 
place in the earlier part of the flowering season, and especially just be- 
fore the greatest output of flowers, after which time the percentage of 
abnormality declines.” Heribert-Nilsson (1912, p. 112) states that 
the number of flowers with supernumerary stigmas in Oenothera La- 
marckiana decreases toward the end of the flowering season. Tine 
Tammes (1904) in her study on the occurrence of abnormal leaves in 
Trifolium pratense qtdnqucfolium found that the distribution upon the 
plant of each of the two anomalies, the lateral and terminal doubling 
of the leaves, is subject to a definite law according to which the maxi- 
mum output of leaves laterally doubled occurs on the lower part of the 
primary axis while the terminally doubled leaves occur more frequently 
in the vicinity of the inflorescence. But as the absolute number of later- 
ally doubled leaves is far in excess of the absolute output of terminally 
doubled leaves, Tammes found that young plants of the “five-leaved” 
clover show higher proportions of abnormal leaves than the fully grown 
plants. Here, then, are introduced, for the first time, two abnormal 
characters on the same plant into the study of the behavior of abnor- 
malities, and we note that the maximum output of each of the abnor- 
malities is confined to different parts of the plant. A further instance of 
the study on the occurrence of two abnormalities on the same plant is 
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furnished by Lehman (1909) in his account of variations in Veronica 
offrestis. He found for Veronica Tournefortii that the time of the 
maximum production of abnormal calyces does not coincide with the 
period of the maximum output of abnormal corollas with the doubled 
anterior petals on the same plant. From this he concludes that nutrition 
does not determine the periodicity in the occurrence of abnormalities. 

The studies of Tammes and Lehman would seem to demonstrate the 
desirability of subjecting the entire period of occurrence of abnormali- 
ties to a statistical examination before any definite picture of the actual 
type of variation of an ever-sporting variety can be drawn. Further- 
more, the exact determination of the distribution of the anomalies upon 
the different parts of the plant may also have a possible bearing upon the 
study of the effect of nutrition, or starvation upon the manifestation of 
abnormar characters. If, for example, the maximum output of abnormal 
flowers of a certain strain occurs on the most differentiated parts of 
the plant it is clear that scant nourishment will reduce the volume of 
differentiation and with it also the number of abnormal flowers. But 
this reduction cannot be ascribed to unfavorable conditions having a 
direct effect upon the inherent tendency to vary. It is simply due to 
the lack of the most favorable region for its expression that this tendency 
appears weakened. 

Frequency distribution of different types of flowers with regard to 

position on the plant 

All these considerations made it appear desirable to study the manner 
in which the abnormal flowers of this race occur on the different parts 
of the plant and at different periods of the flowering season. The mate- 
rial for this study comprised the fourth-generation plants grown in the 
University greenhouse in the winter of 1918, and was so selected as to 
include progenies of the same plant but originated from different forms 
of abnormal fruits. Accordingly, 3 plants in pot 36 raised from five- 
angled fruits were selected for this purpose. The medium in both these 
pots consisted of ordinary garden soil. In order to determine any 
possible effect of high nutrition upon the distribution of flowers, 2 plants 
raised from four-angled fruits but grown in rich, composted soil, were 
included in the material. We are already familiar with the total num- 
ber of flowers and the different categories, of these 8 plants as they 
have been discussed above as representatives of the fourth generation 
of the ever-sporting race (see table 9). 
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The distribution of flowers at diflferent periods of the flowering sea- 
son and on the different parts of the plants was determined by daily 
picking and examining the flowers as they appeared on the plants. The 
flowers were daily recorded according to a scheme that permitted the 
construction of a mental picture of the whole plant and the tracing of 
each flower to its original position on the plant after all the flowers had 
been recorded. A few remarks regarding the essential morphological 
features of our plants will serve to elucidate this scheme as well as the 
analysis of the collected data. 

Under the conditions prevailing in the greenhouse of the Univer- 
sity at Orono the plants (figures 8 and 9) reached an average height of 
22 cm. They developed a main stem or primary axis bearing 7, in a 
few cases 6, alternate leaves. Only the first three buds in the axils of 
the first three leaves from below developed secondary branching axes 
which usually bore 3-4 leaves. The buds in the axils of the first, second 
and seldom the third leaf on the secondary branch developed two, rarely 
three tertiary branches. The last, 3rd or 4th, leaf on these always sub- 
tended the terminal raceme. The flowers produced in the axils of 
leaves on the secondary and tertiary branches were borne on short 
peduncles. With the production of the tertiary branches the branching 
of the plant was concluded. The upper leaves on the main stem, from 
the fourth leaf on, did not develop branches, the buds in their axils giv- 
ing rise only to peduncles bearing racemes. From the third leaf on, the 
main stem gradually grew weaker, tapering upward and ultimately going 
over into a slender raceme subtended by the last, usually seventh, leaf. 
An abnormal feature of the plants of line No. 5 was the production of 
short, proliferating shoots in the axils of the cotyledons. 

In daily recording the flowers the position of each flower was first 
noted in relation to the leaves (Phyl) on the main stem or primary 
axis, that is to say, whether the flower was located on one of the three 
secondary branches or one of the raceme-bearing peduncles in the axils 
of the 4th to the 7th leaves. After this general orientation the posi- 
tion of the flower was further determined in relation to the component 
parts of the secondary system of branching or to the different regions on 
the axis of inflorescences of the racemes in the axils of the 4th to 7th 
leaves. A concrete example may illustrate this method of recording the 
flowers Phyl2R2ls designated a flower located in the axil of the third 
leaf (la) borne by the right secondary axis (Rg) which had originated 
in the axil of the second leaf (Phylg) on the main stem; PhylaLgrali 
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indicated a flower located in the axil of the first leaf borne by the sec- 
ond right tertiary branch (r2) that had sprung from the axil of the sec- 
ond leaf of the third left secondary branch (Ls) that had originated in 
the axil of the third leaf (PhyU) on the main stem. By the use of this 
method the original position of each flower on the plant could be deter- 
mined. 

Let us now consider first the frequency distribution of flowers with 
regard to the position on the plant, i.e., whether any form of flowers is 
produced with any greater frequency in certain regions of the plant than 
in others. In order to obtain a general information regarding this ques- 
tion the daily recorded data were first grouped so as to give the actual 
and relative output of each kind of flowers produced by each organ of 
the plant, as a whole, originated in the axils of each of the 7 leaves on 
the main stem. In table 18 are given the actual and petcentage frequen- 
cies of the flowers for each of the organs sprung from the axillary buds 
cm the main stem. These data represent summarized results taken from 
tables prepared for each plant separately. The first horizontal row gives 
the flowers borne in the axils of the cotyledons. 

From an examination of this table the following points are evident. 
The percentage frequencies of the normal three-carpelled flowers show a 
fairly marked uniformity for each of the different organs of each plant. 
These frequencies approach very well the percentage frequency of nor- 
mal flowers in all the 8 plants as a whole, which is 17.98 (see table 9). 
From the fact that the percentage ratios between the normal and ab- 
normal flowers of each plant organ are markedly uniform it may be con- 
cluded that the causes that govern the percentage ratios between the 
normal and abnormal flowers for the whole plant obtain also with marked 
regularity in each individual organ of the plant. 

With regard to the range of variability or its intensity, as measured 
by the frequency occurrence of the most aberrant variants we may clear- 
ly discern in table 18 that there are regions on the plant that show a 
wider scope of variability than others. The first two branches, and 
especially the second one, that yielded the highest output of flowers, 
mark also the place of greatest variability on the plant as evinced by the 
great amplitude of aberrant flower forms including the greatest number 
of synanthous flowers. The synanthous flowers borne by the racemes 
in the axils of the 4-7 leaves were all contributed solely by the plants 
in pot 36 which were raised from five-angled fruits. This may indicate a 
slightly greater intensity in the variability of plants originated from 
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five-angled fruits than in those from three- or four-angled fruits, a con- 
dition not infrequently observed in this race. 

From table 18 it is further to be noted that the range of variability 
shown by the flowers borne by the racemes in the axils of the 4-7 leaves 
is very limited as is also the actual number of flowers. From the totals 
in the last vertical row in table 18 we note the yielding capacity of each 
plant organ. The three branches in the axils of the three lowest leaves 
yielded the highest output of flowers; the cotyledonary organs range next, 
to be followed by the terminal raceme and the racemes in the axils of 
the 4th leaf on the main stem ; the racemes in the axils of the fifth and 
sixth leaves yielded the lowest number of flowers. From these data we 
may conclude that the yield of Tartary buckwheat plants is determined, 
broadly speaking, by the basal regions of the plant. This fact is of im- 
portance in relation to the aims of practical breeding, and suggests the de- 
sirability of adopting such cultural methods as would favor the develop- 
ment and differentiation of the lower plant body rather than the exten- 
sion of the upper part at the expense of basal differentiation. 

Table 18 gives the general distribution of flowers upon the different 
plant organs taken as a whole. We may now analyze these organs into 
their differentiated components. Four plants, No. 5, 6, 7 and 8, were 
selected for this analysis. As already noted, only the three lowest axil- 
lary buds on the main stem gave rise to differentiated branching organs, 
each producing 2-3 tertiary branches. In table 19 is given the frequency 
distribution of flowers upon the secondary branches alone, excluding 
the tertiary ones. The flowers are grouped here in six categories. In 
the first four classes are grouped the flowers that were borne in the axils 
of the ist-4th leaves (l^, U, I3, I4) on each of the secondary branches. 
The last two categories include flowers borne exclusively by the terminal 
raceme of each secondary branch. On these terminal racemes the flow- 
ers were recorded for three regions of the axis of inflorescence: The 
flowers in the basal region of the axis of inflorescence (bs.) the terminal 
flowers (tr.) and those immediately below and close to them (ctr.). 
The flowers recorded for the last two regions are grouped in one class 
in table 19 (ctr., tr.). 

In table 20 is presented the frequency distribution of flowers upon 
the tertiary branches. 

Both tables 19 and 20 represent summarized results taken from 
tables made out for each plant separately. A comparison of the data 
given in both tables shows that the distribution of flowers upon the 
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secondary and tertiary branches have certain points in common, though 
an absolute comparison is not permissible since the tertiary branches 
did not develop the third and fourth leaf. From the totals for each com- 
ponent of the secondary and tertiary branches it will be noted that the 
highest output of flowers was produced in the apical region of the ter- 
minal raceme and the next highest in the basal zone of the axis of inflo- 
resence. If the production of synanthous flowers is indicative of a high 
tendency to vary and proliferate it would point to the basal region of the 
terminal raceme as the seat of greatest variability. This is brought out 
by tabulating the percentage frequencies of synanthous flowers for each 
organ of each branch system as illustrated in table 21. 


Tab L£ 21 

Synanthous flowers in percent. 


Position of flower 

Secondary branch 

Tertiary branch 

ii 


2.44 

1. 

1.33 

3-33 

1. 

0.71 


I4 



bs. 

5.16 

345 

ctr. tr. 

1.26 

1.75 


From tables 19 and 20 it will further be noted that while the percen- 
tage ratio between the total number of normal and abnormal flowers of 
the secondary and tertiary branch, respectively, very well agrees with 
that for the plants as a whole, the percentage ratio between the normal 
and abnormal flowers for each individual organ of both branching sys- 
tems shows a considerable deviation from the average percentage for 
the whole branching system. In spite of the relatively small number of 
flowers involved these deviations are undoubtedly significant since the 
corresponding homologous component elements of the secondary and 
tertiary systems show an analogous rise and drop in the proportion of 
normal flowers. This may be seen from the last vertical columns in 
tables 19 and 20. Thus the axillary buds of the first leaves favor the 
production of normal flowers, 25 percent and 21.95 percent, respectively; 
the buds in the axils of the second leaves appear to produce the lowest 
percentage of normal flowers, 10.53 percent on the secondary branch 
and 13.33 percent on the tertiary branch. The axillary buds of the 3rd 
and 4th leaves on the secondary branch produce the average proportion 
of normal flowers, while at the base of the terminal racemes the proper- 
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tion of normal flowers drops to finally increase again above the average 
in the apical region of the racemes. 

From the data presented in tables 18-20 the following conclusions may 
be drawn with reference to the distribution of flowers upon the plants 
of this race. The greatest output of flowers was produced in the lower, 
differentiated parts of the plant. The ratio between the normal and ab- 
normal flowers appears fairly uniform under the prevailing conditions 
of environment, for each of the collective plant organs arisen from the 
axillary buds on the main stem. The analysis of the collective organs 
into their component parts reveals a marked variation in the percentage 
frequencies of normal and abnormal flowers produced by the axillary and 
terminal buds on the secondary and tertiary branches, the axillary buds of 
the second leaf and the basal zone of the terminal raceme producing the 
liighest relative number of abnormal flowers. Relative to the range or 
intensity of variability it is again the lower, most differentiated parts 
of the plants, more specifically the component parts of the second and 
third secondary ])ranch, especially the former, that exhibit the widest 
amplitude of aberrant flower forms. To .specify it more closely, the 
basal regions of the terminal raceme of the secondary and tertiary 
branches are the seat of the greatest tendency to proliferate as evinced 
by the wide range of aberrant forms. This is in accord with the observa- 
tions of DE Vries (1910, p. 329) who found the lower end of many 
racemose inflorescences to be a place specially favorable to anomalies. 

FREQUENCY OF OCCURRENCE OF DIFFERENT TYPES OF FLOWERS IN 
RELATION TO DIFFERENT PERIODS OF THE FLOWERING SEASON 

Having considered the distribution of flowers with reference to their 
position on the plant body, we may next inquire into the frequency of 
occurrence of the different flowers in relation to the different periods 
of the flowering season. For this purpose the daily recorded data were 
brought together into 8 groups, each (except the last one) covering a 
successive flowering period of 7 days, and all making up the entire flower- 
ing season during which 5444 flowers were recorded. 

In table 22 are given the percentage frequencies of the flowers with 
respect to number of carpels computed on the basis of actual frequen- 
cies noted for each successive week. 

From the data presented in table ± 2 , it is evident that the first two 
weeks of the flowering season mark the lowest relative production of 
abnormal flowers. From the second week the relative total number of 
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abnormal flowers increases to reach a maximum in the third and fourth 
week. In the course of the fifth week, April 3-9, the proportion of ab- 
normal flowers drops markedly to reach another more distinct maximum 
in the sixth week. The last two weeks of the flowering season again 
mark a slow decrease in the relative production of abnormal flowers. 

The rather striking depression in the relative production of abnor- 
malities in the gynoecium in the course of the fifth week is of interest. 
That this depression is significant is shown by the figures given in table 
23, which indicate that at about the same period a similar reduction oc- 
curred in the relative output of abnormalities in the perigone, which, as 
will be recollected (see table 15) are associated with abnormal gynoecia. 

From table 23 it will be noted that also in the case of the perigone 
variations the first tw^o weeks mark the lowest relative production of 
abnormal perigones. The maximum was reached in the course of the 
third week, after which, in close analogy to the variations in the gynoe- 
cium, a depression followed, which, however, in this case extended over 
a period of three weeks when the abnormalities again increased.. 

The similarity of effect upon both kinds of abnormalities would point 
to a common cause which in the case of the perigone variations was 
more effective than in the variations of the gynoecium. The nature 
of this cause may have been internal or external. About the fourth 
week of the flowering season, the plants, owing to the continuous re- 
moval of their flowers, gave rise to abnormal growth by producing 
several short shoots in the axils of the cotyledons bearing numerous 
fiow^ers. It is conceivable that this abnormal vegetative growth may 
Lave caused a disturbance in the function of the specific determiners con- 
ditioning the manifestation of abnormal flowers. A more plausible ex- 
planation, however, may be found in external influences of environment. 
The plants of the race used in this investigation grew along with a host 
of other plants that were frequently watered; this caused the air to 
be very moist and damp. During the first week of April, owing to the 
illness of the man in charge of the greenhouse, the plants were not 
watered frequently, with the result that the air in the greenhouse dur- 
ing that period was very dry. The concurrence of this period of dry- 
ness with the reduced output of abnormal flowers would point to moisture 
as the factor of environment facilitating the realization of the abnor- 
mal flowers in this race. This was also borne out by results obtained 
from cultures grown under different conditions of environment, though 
further and special experiments are yet required to obtain conclusive 
evidence on this question. 
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Neglecting for a moment the above disturbance in the floral varia- 
tions we may conclude from an inspection of the data given in the 
last vertical rows in tables 22 and 23, that under the prevailing condi- 
tions the first and second week of the flowering season mark the lowest 
relative production of abnormal flowers, after which a marked and sud- 
den increase in the output of abnormalities ensues. To that extent our 
data are in accord with the observations of de Vries. But the behavior 
towards the end of the flowering season, which is marked by only a 
small decrease in the percentage of abnormalities, does not conform to 
the rule established by de Vries, according to which the relative output 
of abnormality shows a rapid and marked decline towards the final period 
of the flowering season. This behavior of our race was found to be due 
to the manner in which different flowers are distributed upon the dif- 
ferent parts of the plant. As it will be recollected (see table 18) the 
racemes borne in the axils of the 4th-7th leaves show the narrowest range 
of variability. Now, it is just this section of the plant, from the fourth 
leaf up, that contributes the bulk of flowers during the first two weeks of 
the flowering season. During the following weeks the differentiated 
organs of the lower section of the plants, the secondary and tertiary 
branches, come into play, raising very markedly the percentage of ab- 
normal flowers since these differentiated branches, as will be remem- 
bered, are the very seat of greatest intensity of variation. Towards the 
end of the flowering season the upper regions of the plants produce only 
very few flowers while the lower-differentiated parts sustain their 
flower production to the end of the flowering season. This differen- 
tial distribution of flowers upon the parts of the plant and the sequence 
in the unfolding of the flowers explains the relationship, referred to 
above, between the normal and abnormal flowers during the different 
periods of the flowering season : the plants begin flowering in the region 
marked by a narrow range of variability and finish in the regions of 
greatest intensity of abnormal development. 

In considering the periodicity in the distribution of normal and ab- 
normal flowers of this race it should be borne in mind that the plants 
used in this investigation were grown in the greenhouse and under 
conditions manifestly favoring the development of abnormalities. It is 
quite possible that the conditions prevailing in the open might operate 
in a different manner upon the manifestation of abnormality than in 
the greenhouse. With this reservation in mind, we may state that the 
examination of the distribution of the flowers upon the different parts of 
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the individual plant points, in conformity with the observations of 
DE Vries and other writers, to the existence of a specific region on the 
plant in which the tendency to vary and to proliferate is most pro- 
nounced. Contingent upon this distribution with respect to position on 
the plant, and, indeed, a function of it, is — ^barring external interfer- 
ence — the varying percentage ratio between the normal and abnonnal 
flowers in the successive periods of the flowering season. 

FASCiATiON IN Fagopyrum tataricum 

A further teratological feature exhibited by this race is fasciation. 
The writer is aware of no previous record of fasciation in Fagopynim 
tataricum. 

Fasciation was first observed on plants of the fourth generation 
grown in the University greenhouse in 1918, the variations of which 
have been the subject of the discussion in the preceding section. 
Fasciated branches were found on plant 8 growing in pot No. 36 and 
on plant 6 and 5 in pots 37 and 39 respectively. It should be stated 
that three of these four plants have not been included in the study of 
periodicity and, consequently, were not subjected to any possible trau- 
matic influence entailed by the daily removal of flowers. 

The first indication of a fasciated condition was noted in the al- 
tered phyllotaxy. The leaves at the first node on the main axis were 
inserted opposite each other instead of the normal alternate insertion. 
The branch that sprung from their axillary bud presented a flattened 
ribbon-like condition with a distinct groove running up to the summit 
at which point the branch resolved itself into two subdivisions each bear- 
ing a raceme. As the plants were small (about 25 cm tall) and fairly 
crowded in the pots the fasciations were not very conspicuous. It was 
not until the summer of 1918 that beautiful specimens of fasciations 
were obtained among the cultures grown in the garden. In order to 
stimulate the development of fasciations by abundant nutrition, the 
fruits from plants in the pots Nos. 36-39 as well as from some other 
plants of this race were planted out 2 feet apart each way. The plants 
made a very vigorous and luxuriant growth developing strong primary 
and secondary branches. It was the latter system of branches and 
among these usually the lower ones, at the first node above the cotyledons, 
that presented the best specimens of fasciation. 

The morphological aspect of these fasciations was generally similar to 
that recorded in other genera. The fasciated branches often presented 
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below a nearly cylindrical form, which in the upper part changed into 
a flattened condition, and ultimately, at one of the nodes split into two 
or more branches of more or less normal aspect. Such a case is illus- 
trated in figure 5. From this figure the altered arrangements of the 



Figure 5.~Fasciation in Fagopyrum tataricum. A fasciatecl branch showing altered 
phyllotaxy and splitting of branch at node into 2 subdivisions. Nat. size. 
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Figure 6. — Fasciation in Faj^fopyrum tataricum. A highly fasciated branch dis- 
playing a flattened ribbon-shaped condition throughout its entire length. Nat. size. 

leaves and branches can be clearly seen, which are numerous and whorl- 
like crowded around the nodes. Quite often branches were found to 
be flattened in distinctly ribbon-like fashion throughout their length, in 
which case they would rarely split but continue in that condition narrow- 
ing gradually towards the summit where they would resolve themselves 
into numerous proliferating shoots, leaves and flowers (figure 6) ; often 
fasciated branches of this type were bent, owing, undoubtedly, to unequal 
growth. 

A rather interesting fasciated branch was observed on a fifth-genera- 
tion plant that grew in pot 64 in the greaihouse at the Aroostook Farm, 
and had originated from a four-angled fruit of plant 5, from pot 37 of 
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the fourth generation. A rough diagrammatic sketch of that branch is 
given in figure 7. This branch originated in the axil of the first leaf 
above the cotyledons. It was 1.2 mm thick and 4 mm wide for a distance 
of 21 cm. At this point the branch twisted itself to the right and split in 
the middle : the two separated parts enclosing a more or less triangular 
space. This split was probably caused by tissue tension in the knee-shaped 
bend. The upper separated part of the branch measured 2 mm, the 
lower 2.5 mm in width. Just above the point where the branch resumed 
its undivided aspect again, it measured 5.5 mm. From that point the 
branch turned upwards twisting round its axis from right to left for a 
distance of about 1.5 cm when it ran almost horizontally twisting again 
round its axis. The width measured here was 5 mm. At this point the 
branch turned inward measuring 4 mm in width and terminating, per- 
fectly ribbon-shaped, in a cluster of fruits. The leaves, with the ex- 
ception of the first one, showed altered phyllotaxy. Four pairs of leaves 
developed bearing in their axils fruits on short peduncles. At the point 
where the branch took a nearly horizontal course a pair of rudimentary 
leaves developed with a cluster of fruits distributed around the node. At 
the apex of the branch the largest cluster of fruits was produced with no 
trace of leaves. 

With regard to the transmission of the fasciated character our race 
exhibited a dimorphism characteristic of the ever-six)rting varieties. The 
figures in table 24 illustrate the behavior of the fasciated character in 
plants of the fifth generation that grew^ under favorable conditions of 
nutrition. 


Table 24 


Source of fruits 

Number of plants 

Number of fasciated plants 

Pot 36 

25 

7 

Pot 37 

II 

4 

Pot 38 

8 

5 

Pot 39 

27 

15 

Pot 42 

16 

10 

Pot 44 

II 

5 

Pot 47 

8 

5 

Total 

i 106 

51 


The fasciation thus was reproduced in half of the progeny. Pending 
the further behavior of the fasciated character of this strain in subse- 
quent generations and its analysis by crossing, the question of its heredi- 
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Figure 7. — Fasciation in Fagopyrum tataricum. Diagrammatic sketch illustrating 
a {^culiar case of fasciation. 


lary transmission cannot yet be definitely answered. The manifestation 
of this character was first noted in plants that grew under crowded 
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conditions in pots. In the following generation, under favorable condi- 
tions of nutrition, this character at once asserted itself in a manner typi- 
cal of the fasciated races. It is important to state here that the slightly 
varying line No. 22, though grown under the same conditions of environ- 
ment as line No. 5, was never found to exhibit fasciation even in a 
single individual. All external agencies, as traumatic stimuli, insects, 
etc., had the same chance of operating upon the individuals of both 
lines in the direction of evoking fasciation, as the progeny of both lines 
grew side by side, and in some instances, in the same pots. We must 
note then the fact that, whatever the nature of this fasciation, the two 
strains react in a dififerent manner to the influence of the same environ- 
mental agencies, as evinced by their dififerent phenotypic appearance. 

Notwithstanding these considerations it is realized that it is premature 
to commit oneself on the question of hereditability of this fasciation. 
It would be equally premature to a priori deny the hereditary character 
of the fasciation in question as some writers do with most of the fas- 
ciated races of de Vries which they dismiss as mere somatic modifica- 
tions without previously furnishing the necessary experimental evidence 
from a genet ical analysis of the cases. The fact that certain experimen- 
ters succeeded in evoking fasciations through artificial stimuli or opera- 
tion of parasites does not necessarily disprove the interpretation of 
most of DE Vries’s fasciations as hereditary characters. It is well known 
that most of the fasciated races exhibit a ‘‘fixed dimorphism,” one part 
of the progeny displaying the character of fasciation and the other part 
appearing perfectly normal. This latter group, however, is only ap- 
parently normal for in the next generation they reproduce, under similar 
conditions of environment, the same proportion of normal and fasciated 
plants as the members of the fasciated group, much in the same fashion 
as the fruits of a short-styled plant of the heterostylous Fagopyrum 
csculenhim produce short-styled as well as long-styled plants in about 
equal numbers. It is clear then that it is incumbent upon those who from 
instances of artificially evoked fasciations draw conclusions disproving 
the hereditary character of most of the fasciations, to prove that the 
material that reacted to external stimuli with the formation of fascia- 
tion did not belong to the group of phenotypically normal plants but with 
a genotypic condition for fasciation originally present. 

External agencies may well induce fasciations operating as a releas- 
ing agency in cases where the factor for fasciation is present, much in 
the same fashion as temperature causes chemical reactions to take place ; 
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but there seems to be no available evidence showing the external agen- 
cies to be the direct causal factor in the etiology of fasciations. The 
fact that artificially induced fasciations have been established in the very 
plants (Zea Mays, Oenothera, Raphanus raphamistrum, Pkris hieracioi- 
des) which without provocation by external injurious agencies, spon- 
taneously develop fine specimens of fasciation, very strongly suggests 
that the fasciations following upon external injuries are a secondary 
phenomenon contingent upon a genotypic condition for fasciation al- 
ready present. In this connection it is of interest to note that Peyritch 
f cited by Goebel 1900, part I, p. 188) whose researches into the terato- 
logical development as induced by external injurious agencies, are well 
known, clearly distinguished between “the immediate determining cause, 
which in many cases may be an external agent, and the internal factor, 
namely the predisposition to the development of the anomaly. It is easy 
to convince oneself that all the individuals of the same species do not 
react in the same way towards the same external injurious agencies, and 
that their reaction also varies at different times.” 

OBSERVATIONS ON THE INFLUENCE OF THE ENVIRONMENT UPON 
TERATOLOGiCAL DEVELOPMENT IN Fogopyrum totaricum 

In dealing with the behavior of ever-sporting varieties de Vries (1910, 
p. 307) emphasizes with great stress the dependence of their “semi- 
latent” characters upon the external conditions of life. His observa- 
tions and experiments led him to the conclusion that “increased nutri- 
tion favors the development of the anomaly.” 

Baur (1907) formulated a theory based chiefly upon the observations 
of DE Vries, and designed to explain the behavior of ever-sporting varie- 
ties like Dipsacus silvestris torsus or even Matthiola as specific instances 
of modifications determined by external factors, nutritional factors in 
the broadest sense. 

In view of the great importance attached to nutrition as highly in- 
fluencing or even directly determining the characters of the ever-sporting 
races, it seemed desirable to test the influence of nutrition upon the race 
dealt with in this paper. 

In the experiments to be now described the behavior of this race was 
studied in different nutritional media and in different environments. The 
media used were composted soil, ordinary soil and sand. As to environ- 
ment, the cultures were grown under greenhouse conditions and in the 
garden. Two greenhouses were used whose conditions differed greatly. 
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notably with respect to humidity and temperature. In the greenhouse of 
the University prevailed what might be called a moist and hot condition. 
The temperature was uniform, varying only slightly from 24° C during 
the day to 21° C at night. The greenhouse at the Aroostook Farm 
where the cultures grew in the summer, no artificial heat was used, the 
temperature following the natural daily amplitude. The air in this green- 
house was dry. 

The effect of deficient nutrition or starvation was studied through 
five generations and in each generation from the second on the plants 
grown in sand or gravel originated from fruits of plants that also had 
grown under conditions of starvation. Thus subjecting a part of our 
cultures to the influence of starvation from generation to generation a 
pure sand strain has been obtained which offered the opportunity of 
studying not only the effect of the immediate starvation medium but also 
the influence of a continued operation of deficient nutrition affecting the 
plants of each generation in their ontogeny, during the critical period 
of seed formation, in the course of which, according to the observations 
of DE Vries and of East and Hayes (1914, pp. 35 and 47) certain 
plant characters are susceptible to the operation of environmental 
agencies. 

A portion of the fruits of the original plant from which line No. 5 
descended was planted in an 8-inch pot No. 2 filled with soil that was 
mixed with commercial fertilizer. The other portion of the same 
crop was planted in pot No. 2a filled with soil that was mixed with a 
considerable amount of sand. Both pots were placed in the University 
greenhouse. 

The appearance of the sand cultures did not differ very markedly 
from those in the fertilized soil. The detailed account relating to the 
variation of the plants In these 2 pots is given in tables i and 3, re- 
spectively. From the almost identical manifestation of abnormality in 
both series it may be concluded that the poor medium in pot No. 2a had 
no limiting effect in the development of abnormal blossoms. 

The fruits from pot No, 2 were planted in the summer of 1916, in 
pots filled with good soil mixed with fertilizer, while the fruits from 
pot No. 2a were planted in pots containing gravelly sand. The pots of 
both series were placed side by side in the garden. The ratios between 
the normal and abnormal flowers in both series are given in table 25. 

The plants in the rich soil yielded twice as many fruits as those in the 
sand but as will be seen from the above figures, the mode of variation in 
the gynoecium is strikingly similar in both series. 
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Table 25 



Fertilized-soi] 

series 



Sand 

series 


Number of carpels 

3 

4 

5 

6 

3 

4 

5 

6 

Actual frequency 

864 

3 Q 6 

34 

I 

486 

233 

10 

I 

Percentage frequency . . . 

66.71 

30.58 

2.63 

0.07 

66.57 

31.92 

1.37 

0.13 


In the following season the plants of each of the two series were 
subjected to the treatment accorded their respective mother plants. The 
pots of both series were again placed out-doors. The plants in the rich 
soil made a tall growth with a relatively moderate amount of branch- 
ing in the lower parts of the plant body, while the sand cultures were 
of a low stature. The results from both series are shown in table 26. 


Table 26 




Rich-soil 

series 



Sand 

series 


Number of carpels 

3 

4 

5 

6 

3 

4 

5 

6 

Actual frequency 

1366 

1000 

1 12 

4 

520 

559 

68 

2 

Percentage frequency . . . | 

55.04 

40.29 

4.51 

0.16 

45.26 

48.65 

5-95 

0.17 


The plants in the sand series actually yielded a higher percentage of 
abnormal flowers than those in the rich soil. 

The behavior of the two series under their respective treatment was 
again studied in the fourth generation grown in the University green- 
house. The progeny of the plants of the rich-soil series were grown 
in ordinary and composted soil, in pots 36-39 ; the progeny of the plants 
in the sand series were grown in sand, in pots 43 and 44. The morpho- 
logical features of the plants in 36-39 will be recalled from the discus- 
sion given in a previous section. They made a compact growth marked 
by differentiation and branching in the lower part of the plants (fig- 
ures 8 and 9). 

The plants in pots 43 and 44 that had originated from fruits of 
“starved” parents presented a rather interesting aspect. They were of 
A'^ery low stature, dwarf-like in appearance, reaching a height of only 
6 to 12 centimeters (see figure 10). The leaves of these plants were 
small and their number slightly lower than in the plants originated from 
well nourished parents (cf. EasT and Hayes 1914). The size of the 
corollas and of the fruits was normal. 

The examination of the flowers of the plants grown in composted soil. 










Figure 8. — Greenhouse cultures of Fagopyrum tataricum. A number of plants of 
the ever-sporting line No, 5, grown in ordinary garden soil. X .4. 

normal soil, and sand, gave the results in table 27, expressed in percent, 
These figures bear out the results obtained from the first generation 




VARIATION IN TART ARY BUCKWHEAT 


579 



Figure 9.— Greenhouse cultures of Fagopyrum tataricum. Plants of line No. 22 
grown in composted soil. X A- 


indicating that under the conditions prevailing in this greenhouse rich 
nutrition or starvation has no visible effect upon the development of ab- 
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Figure io. — Greenhouse cultures of Fagopyrum tatancum. Dwarfed plants of line 
No. 5 grown in sand. X 4- 


normal flowers. Starvation had a marked effect on the habit of the 
plants affecting such characters as height and number of leaves. 

This experiment was again carried out with cultures of the fifth 
generation. The plants of the sand series were grown in pots and 
placed in the garden. The plants originated from the well nourished 
parents were grown in the garden under very favorable conditions of 
nutrition, each plant occupying 2 feet each way. The sand series yielded 
53.13 percent of normal and 46.87 percent of abnormal fruits. The 
garden plants yielded 50.78 percent of normal and 49.22 percent of ab- 
normal fruits. 

From the evidence furnished by the above experiments the conclu- 
sion may be drawn that under conditions favoring the maximum degree 
of abnormal development optimum nutrition or starvation has no visible 
effect upon the degree of manifestation of floral abnormalities in the 
race dealt with in this paper. With the elimination of nutrition as a 
stimulating factor of environment, all the evidence obtained from the 
behavior of this race under different environments, notably the identical 
mode of variation of the first and fourth generation grown in hot 
and moist air, points to high humidity and temperature as the factors 
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Figure ii. — Greenhouse cultures of Fagopyrum tataricum Plants of line No. 5 
grown in sand and scantily watered. X 4. 

favoring the maximum expression of abnormal development.^ Instances 
showing the development of abnormalities to be dependent upon fac- 
tors of environment other than nutrition, are by no means rare. Thus 
a mutation in Drosophila, the reduplication in the legs, discovered by 
Miss Hoge (1915), was found to be dependent upon low temperature 
for its realization. Another mutation in the same fly, ‘"abnormal ab- 
domen,’' reported by Morgan (1915), was shown to be determined by 
the amount of moisture in the food. 

Where the conditions of environment, necessary for the realization 

2 It is conceivable that the reduced volume and intensity of the light in the early 
spring months as compared with that of the summer months, may have influenced 
the teratological development in the first and fourth generation of this race. How- 
ever, neither the habit of the plants, nor the daily recorded mode of variation seemed to 
support this assumption. 
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of the maximum of abnormal development are not present in the required 
degree, as in the cool and dry greenhouse, starvation and other detri- 
mental agencies may assert their influence upon the development of ab- 
normality. Some evidence supporting this point may be gathered from 
the following experiment. In connection with the growing of the fourth 
generation of this race, an attempt was made to determine the combined 
effect of starvation and lack of water under greenhouse conditions. Ac- 
cordingly, some 26 plants that had .originated from well nourished par- 
ents were grown in an 8-inch pot filled with sand and placed in the 
University greenhouse in which hot and moist air prevailed. The 
plants were watered only very scantily, — ^barely enough to keep them 
from drying up. As a result the plants were stunted (figure 11) with 
thin stems and hardly any secondary branches. The extent of the stunting 
in growth can be seen by comparing the measurements of the laminae 
of both cotyledons of these plants with those of the normal plants grown 
in rich soil and well watered. Both cotyledons of each plant were meas- 
ured, 2 diameters of each lamina being taken : the diameter in the plane 
of the stalk (d,) and one at a right angle to it (d2). The measurements 
were recorded for 10 plants in each series. The average length, with 
the normal plants, of d^ was 17.05 mm and of ds 19.75 while the 
same dimensions with the plants of the sand series were 10.86 mm and 
12.42 mm, respectively. The examination of the flowers of 8 plants 
grown in sand and scantily watered gave the results tabulated in table 28. 


Table 28 



Number of carpels j 



3 

4567 

8 

Synanthies 

Actual frequency 

47 

223 16 2 I 

I 

3 

Percentage frequency . . . 

16.03 

76,11 546 0.68 0.34 

0.34 

1.03 


From these figures it will be noted that the ratio between the normal 
and abnormal flowers, 16.03 • 83.97, of this series is practically the same 
as in the well watered cultures grown in composted soil (16.28:83.72). 

The same experiment was carried out in the cool and dry greenhouse 
at Aroostook Farm., The results obtained from the normal, well nour- 
ished and watered cultures, from normally watered sand-cultures and 
from scantily watered sand-cultures are given in table 29. 




VARIATION IN TARTARY BUCKWHEAT 


583 


Tabl f. 29 


Medium 

Treatment 

Percentage ratio between nor- 
mal and abnormal flowers 

Rich soil 

Well watered 

34-58 : 

65.42 

Sand 

Well watered 

46.36 : 

53-64 

Sand 

Scantily watered 

68.40 : 

31.60 


These figures in conjunction with the results obtained from the plants 
grown in hot and moist air clearly indicate that under conditions void 
of optimum moisture and temperature necessary for the maximum de- 
velopment of abnormality, the influence of deficient nutrition and lack 
of water l>ecomes apparent but that the effect of these detrimental fac- 
tors is nil when they operate in the presence of other factors of environ- 
ment which control the maximum manifestation of the abnormal charac- 
ter. 


SUMMARY 

The more important observations recorded in this paper may be 
summarized as follows. 

An ever-sporting race of Fagopyrmn tataricnm has been isolated and 
its characters studied for 5 generations under varying conditions of 
environment. 

The variations here considered occur in the gynoecium, the perigone, 
and the vegetative organs of this race. 

The variations in the gynoecium are characterized by the production 
of supernumerary carpels. The number of carpels per pistil was found 
to vary from 3 up as high as 25. Under ordinary conditions of growth 
the number of flowers with normal gynoecia is greater than or equal to 
the number of flowers with abnormal gynoecia. Under conditions fa- 
voring the development of abnormal flowers the variation is bilateral, 
and can be represented b} a curve the apex of which is formed by the 
abnormal four-carpelled flowers. 

The frequency of flowers with abnormal gynoecium decreases as the 
number of aberrant carpels per pistil increases. 

Associated with the abnormal gynoecia are abnormal perigones with 
a varying number of segments ranging from the normal number 5 as 
high as 18. The favorable conditions capable of transforming the uni- 
lateral variation of the gynoecia into a bilateral one, failed to aflFect the 
perigone in the same manner. The variation in the number of perigone 
leaves remained unilateral with the frequency of the normal, five-parted 
perigone forming the apex of the skew curve. 
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The frequency of the normal, five-parted perigone decreases as the 
number of carpels per pistil increases. 

Floral prolifications in the form of various types of synanthous flow- 
ers, often giving rise to syncarpous fruits, were found to be produced 
generation after generation in fairly constant proportions under given 
conditions of environment. 

The teratological development of the vegetative organs in the form of 
more or less developed fasciations was reproduced, under favorable con- 
ditions of environment, in 50 percent of the offspring. 

All the descendants of the ever-sporting race reproduce the ever- 
sporting type of the mother plant regardless of whether they originated 
from normal or abnormal fruits of the parent. 

The ratio between the normal and abnormal flowers was found to 
be a function of the environment. Under a given set of environmental 
conditions this ratio as well as the relationship between the different 
forms of the abnormal flowers inter se is constant to a very marked 
degree. 

Selection carried on for 5 years had no visible effect upon the type 
and range of teratological development of this race. The ever-sporting 
strain after isolation at once displayed the highest degree of abnormality 
reached in the subsequent generations under similar conditions of en- 
vironment. 

Under conditions controlling the intensity of abnormal develop- 
ment, optimum nutrition or starvation, while affecting the habit of the 
plants, appeared to have no effect upon the degree of manifestation of ab- 
normalities. The evidence from the study of this race under different 
conditions of environment points to high humidity and temperature as 
the factors favoring the expression of abnormality. Under unfavor- 
able conditions of humidity and temperature, the influence of starvation 
and lack of water upon the degree of abnormal development was noted. 

The results of a study of the frequency distribution of the different 
types of flowers upon the plant point to the existence of a definite region 
on the plant in which the tendency to vary and proliferate is most pro- 
nounced. Considering the plant as a whole, this region is confined to 
the basal, differentiated parts of the plant. The first three branches on 
the main stem from below, especially the second one, mark the seat of 
greatest abnormal development, while the 4th, 5th, and 6th branches 
show a low degree of variability as well as the lowest absolute number of 
flowers. In the basal region of the terminal raceme the output of flow- 
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ers and the range of abnormality again increases. Similar but more 
marked differences prevail in the individual branches of the second and 
third order. Here, it is again the buds in the axils of the second leaf 
and in the basal region of the terminal raceme that show the greatest 
relative number of abnormal flowers as well as the greatest range of 
variability as measured by the frequency occurrence of the most aber- 
rant variants. 

Relative to the frequency of occurrence of the different types of flow- 
ers at different periods of the flowering season, under the prevailing 
conditions, the first and second week of the flowering season mark the 
lowest relative production of abnormal flowers, after which a marked 
increase in the output of abnormalities follows when the secondary and 
tertiary branches begin to develop their flowers. Toward the end of 
the flowering season the upper regions of the plants produced only a very 
few flowers while the lower differentiated parts of the plants sustained 
their flower production to the end of the flowering season. 
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Brachydactyly, syndactyly, and leg-feathering or ptilopody^ are among 
the many characteristics of the domestic fowl that have been studied 
from the standpoint of genetics. The last in particular, owing to its 
widespread occurrence, has aroused especial interest. Its heredity 
has been investigated by Hurst (1905), D.wenport (1909), and more 
recently by Punnett and Bailey ( 1918). The genetic behavior of syn- 
dactyly has been studied by Davenport (1909) and that of brachydac- 
tyly by Danforth (1919 a). 

The purpose of this paper is to present evidence that these three char- 
acteristics, at first sight apparently distinct and unrelated, are in reality 
the product of a single gene or a single combination of genes. The 
possibility that this is the case was suggested in the earlier paper on 
brachydactyly, but 'at the time that paper was written, sufficiently criti- 
cal breeding tests had not been made, the suggestion being based largely 
on morphological evidence. The additional data now available, while 
not abundant, seem to be significant, and are therefore put on record. 

Except where otherwise indicated the descriptions and data are all 
from individuals derived, on one side at least, from a single family, the 
relationships of the principal members of which are shown in the accom- 
panying pedigree chart. None of those indicated in the chart was syn- 
dactyl. 

'■Two terms, “leg-feathering” and “booting” have been employed to indicate the 
presence of feathers on the tarsus and toes. Both of these terms are inappropriate; 
the former because it is not the leg, but the tarsus and toes that is meant, the latter 
because the term is already in use to indicate a fusion of tarsal scutella. Since no 
other convenient terpi seems to be available the word ptilopody (.trrikov^ feather ; irons, 
foot) is used in this paper to designate the condition in which down or feathers tend 
to appear on the tarsus and toes. 
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6 5 X 5 ^ 


8 $. 


Pedigree Chart 


Leghorn 2 9X85 


[■309 

21-25 9 2 X Minorca 5 — > -1319 

[373 

^ 27S 

28 5 . Minorca 9 9 X 28 5 — » 

. 295 


329 

339 

3S9 

365 


The individuals of mixed ancestry may be characterized as follows : 

No. 5. Male. A mongrel of unknown ancestry, but with a general 
appearance suggestive of Brahma extraction. Moderately ptilopod. No 
record as to bracydactyly. 

No. 6. Female with three legs (Pygopagus parasiticus). Small, show- 
ing no indication of Asiatic origin. Neither brachydactyl nor ptilopod. 

No. 8. Male. Brachydactyl, ptilopod. 

Nos. 21-25. Females. Brachydactyl, ptilopod. 

No. 27. Male. Brachydactyl, ptilopod. 

No. 28. Male. Brachydactyl, ptilopod. 

No. 29. Male. Not brachydactyl, ptilopod. 

No. 30. Female. Not brachydactyl, not ptilopod. 

No. 31. Female. Brachydactyl, not ptilopod. 

No. 32. Female. Brachydactyl, not ptilopod. 

No. 33. Female. Brachydactyl, not ptilopod. 

No. 35. Female. Not brachydactyl, ptilopod. 

No. 36. Male. Brachydactyl, not ptilopod. 

No. 37. Male. Brachydactyl, not ptilopod. 

Chicks were raised from these birds, bred together and with barred 
Plymouth Rocks, White Leghorns or Black Minorcas. The distribution 
of brachydactyly, ptilopody and syndactyly among the offspring is indi- 
cated in table i where chicks and embryos of 13 days and over are con- 
sidered. (Besides those shown in the table, 305 additional chicks were 
produced by some of these parents after having been treated with alcohol. 
Of these 49 percent were brachydactyl, 37 percent ptilopod and o per- 
cent syndactyl. 50 percent of them showed either brachydactyly or 
ptilopody. These data are not included here. The effect of alcohol on 
the distribution of traits is discussed in another paper (Danfokth 
1919 b). 

The table shows first of 'all a high degree of correlation between 
brachydactyly and ptilopody. The correlation, however, is not complete 



' Parental traits and matlnj 


I. Brachydactyl ptilopod X 

1. Leghorn 99 X8 d 

2. Barred Plymouth Rock 9 9 X 8 

3. Minorca 9 9 X 27 d . . . 

4. Minorca 9 9 X 2S d . . . 

5. 21-25 9 9 X Minorca d 

Total ...7 77;...... 


II . Non-brachydactyl ptilopod X 

6 . Xfinorca 99 X 20 S 

7 * 35 9 X Minorca d 

Total 77 ^ 

III. Non -ptilopod brachydactyl X 

8 . Minorca 9 9 X 37 $ 

IV. Non -ptilopod brachydactyl X 

ptilopod brachydactyl 

9. 32 9 X 37 ^ 

V. Bracjxfactyl ptilopod X brach 

ptilopod I 

10. 21 9 X 28 d I 

VI. Miscellaneous 

11. 21-25 9 9 X 27-28 d ^ 

12. 21, 30, 33, 9 9 X 3^ $ 

Total 


Number in each efass. irrespective c 
1 One of these was syndactyl. 




AN HEREDITARY COMPLEX IN THE DOMESTIC FOWL 589 

since some individuals are brachydactyl but not ptilopod while others 
are ptilopod without being brachydactyl. This immediately suggests 
linkage of genes and ‘‘crossing over.’’ At the time the first paper was 
written this possibility could not be excluded, although it was pointed 
out that the fact that the two traits tend to parallel each other in their 
fluctuation does not favor such an interpretation. 

The results of matings 6-9 seem to settle the question of two possible 
linked genes. In mating 6 the male was not brachydactyl but did have a 
very few small feathers on the tarsus and fourth toe. Mated to normal 
Minorca hens which did not carry determiners for either brachydactyly or 
ptilopody he produced both brachydactyl and ptilopod offspring. Mating 
No. 7 represents the reciprocal cross and yielded similar results except 
that, probably owing to the small numbers, no long-toed ptilopod chicks 
appeared. Mating 8 between a brachydactyl male with no feathers on the 
tarsi or toes and normal Black Minorca hens likewise yielded chicks that 
showed brachydactyly only, ptilopody only, brachydactyly and ptilopody 
combined, and the absence of both traits. Finally mating 9 in which 
neither parent showed ptilopody gave two chicks that were both brachy- 
dactyl and ptilopod, two that were brachydactyl only, and one that was 
neither. 

These results seem to exclude the possibility of the different somatic 
combinations being due to separation of linked genes. If there are in- 
deed two genes there is no evidence that they are ever separated since 
individuals showing one trait and lacking the other reproduce the missing 
trait as readily as those that actually have it. So far as breeding tests 
show, brachydactyly and ptilopody may be regarded as two manifesta- 
tions of the same hereditary factor. 

This interchangeability of brachydactyly and ptilopody may possibly 
explain some supposedly aberrant cases discussed by Punnett and 
Baily (1918). In one case {loc. cit,, p. 208) a female derived from 
a Langshan-IIamburg cross had no feathers on the tarsi or toes but 
nevertheless behaved in breeding tests like a true ptilopod individual. 
It will be apparent that if this particular bird were brachydactyh its be- 
havior was entirely in accord with expectations and could not be regarded 
as in any way aberrant. 

Similarly on p. 212, in discussing some work of Bonitote (1914), 
Punnett and Bailey quote a case in which two clean-legged birds 
from a Silky- Yokohama cross when bred together gave 8 ptilopod and 
16 clean-legged offspring. If, as is highly probable, the F^ parents were 
brachydactyl, the mating would be entirely comparable to mating 9 in 
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the table and the results are essentially the same since in both cases 
ptilopod and noh-ptilopod young were produced. The total number of 
chicks in this case is so small that the relative size of the two classes has 
little significance especially when it is recalled that some of the i6 chicks 
recorded as c)ean-legged may nevertheless have been brachydactyl. 

Likewise the data on which Davenport ( 1909) based his statement 
that “two extracted clean-footed birds sometimes throw boot and some- 
times not” may have come from matings in which at least one of the 
individuals involved was brachydactyl. In other words, if the interpre- 
tation suggested here be accepted, one of the difficulties encountered by 
students of ptilopody will have been removed. 

The failure to recognize brachydactyly as another form of ptilopody 
tends in some measure to vitiate the observations thus far reported. For 
example, in the results from matings recorded in this paper it would make 
a difference of over 10 percent whether the brachydactyl non-ptilopod 
group were counted on one side or the other. This is a matter of con- 
siderable importance in an investigation of the genetic behavior of a trait. 

The evidence for associating syndactyly with the other two traits is 
less conclusive but is such as to create a very strong presumption in 
favor of the view that such an association exists. Davenport (1909) 
has described the trait in detail and indicated its range of variability. His 
(lata come from about one hundred and fifty individuals all descended 
from a single Brahma hen which was herself somewhat syndactyl. It 
is clear from the descriptions and figure that the progenitor of this fam- 
ily was also ptilopod. It is apparent too that many, possibly all, of her 
syndactyl descendants were likewise ptilopod. Davenport’s data show 
clearly that the trait is dominant. 

Only four syndactyl chicks were obtained from the experiments re- 
ported in this paper. Two came from mating 10 and one each from 
matings 7 and 12. None of the parents of these four chicks was in the 
least S3mdactyl nor did syndactyly occur elsewhere in the immediate 
ancestry. The chicks themselves were all brachydactyl; those from 
matings 10 and 12 were also ptilopod. The appearance of a normally 
dominant trait in this manner adds some support to the suggestion that 
the condition found in the parent is really the same trait in a different 
form. Unfortunately none of these syndactyl chicks became available 
for breeding tests. 

Another thing that strongly suggests the common origin of the three 
traits is the fact referred to in the paper on brachydactyly, that the same 
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combination of traits tends to occur in the pigeon. It is much simpler 
to suppose that a single mutation has occurred in one homologous gene 
of the pigeon and fowl than that three different genes have undergone 
mutation at the same time and in the same manner in these two very dif- 
ferent species. 

On the basis of the data that have now been presented the simplest and 
most adequate working hypothesis would seem to be that the three mor- 
phologically distinct traits, brachydactyly, syndactyly and ptilopody, owe 
their existence to the action of a single gene. The tendency of the trait 
to manifest itself in some crosses more frequently in one form, and in 
other crosses in another, is perhaps to be explained by the action of 
modifying genes unequally distributed among individuals and is in har- 
mony with Davenport's observation that within a single manifestation 
(ptilopody) the grade represented by the parent shows some tendency 
to be reproduced in the offspring. 

The characteristics and to some extent the ontogeny of these traits 
have been discussed by the authors to whose work reference has al- 
ready been made.^ One point, however, seems to have been entirely over- 
looked in previous studies of the subject, namely, the range within which 
the ptilopod trait varies. Ptilopody involves not only the usual pres- 
ence of feathers on the tarsus but also rather fundamental changes in 
the scales of the foot. A normal non-ptilopod individual shows scutella 
arranged with great regularity over the lateral side of the tarsus and 
along the dorsum of the fourth toe. In the Minorca, for example, (fig- 
ure i) there are about 31 such scales in linear sequence, 17 on the toe 
and 14 on the tarsus. These numbers are subject to some variation but 
are reasonably constant. The scales themselves are smooth and regular 
with the distal free margins approximately straight and parallel. Only 
rarely is a scale divided. In ptilopod specimens (figures 2 and 3) not 
only are some of the scales reduced in size and thrown out of alignment 
but they are modified structurally, frequently showing a tendency to be- 
come raised and cylindrical. In some instances forms occur which are 
intermediate in character between scales and feathers. Where the reduc- 
tion is carried still farther the tarsus and toe may be essentially smooth 
but with some of the individual scales showing longitudinal lines and 
grooves (figures 4 and 5). This sculptured appearance is almost always 


^ ‘*Le vieux co<j,’^ a well known etching by the artist Felix Bracquemond, which is 
doubtless to be found in most museums of hnc arts, portrays with remarkable fidelity 
*all the peculiarities mentioned here except syndactyly. 
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Figure i. — Lateral aspect of the left foot of a Black Minorca chick showing normal 
proportions and the usual arrangement of scales on the an ter o -lateral aspect of the 
tarsus and on the dorsum of the fourth toe. 

associated with some irregular imbrication of the scales. A series of 
individuals could easily be arranged to show a complete gradual transi- 
tion from a condition with only a few irregular and sculptured scales 
to one with the heaviest degree of feathering. Indeed it might perhaps 
be more accurate to regard the ptilopod factor as one primarily affecting 
the scale-forming tissues of certain parts of the foot. In its mildest 
manifestation only the scales are involved. In slightly more pronounced 
instances there appears in addition a modified quill or rudimentary feath- 
er, generally on the basal phalanx of the fourth toe. Further intensi- 
ties of manifestation may be traced through the ten stages recognized 
by Davenport. Morphologically each feather may represent a part of 
the rudiment w’hich, in the absence of the ptilopod factor, would have 
gone into the formation of a scale. 

Despite the fact that the three traits are morphologically very different 
— webbing of the toes, modification of scales or feathers, and reduction in 
the size and number of bones arc quite unlike — the i>ossibility of their 
being traceable to the action of a common gene is by no means excluded. 
It is now commonly admitted that each gene in the germ plasm tends to 
affect all parts of the body more or less but that the reactions in different' 
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Figure 2 Figure 3 


Figure 2. — Anterior view of a (left) brachydactyl, ptilopod foot. Few of the 
birds referred to in the body of the paper showea a greater degree of ptilopody than 
this one. In addition to those on the tarsus and fourth toe a few small feathers may 
be seen also on the third toe. The brachyda^tyly which is of the more pronounced type 
is, as usual, most manifest in the fourth toe. This digit has only two phalanges in 
place of the normal five. The specimen is not syndactyl. 

Figure 3. — Anterior view of the left foot of an individual in which the trait is 
present in all three forms. One or two feathers are present (ptilopody), the fourth 
toe is greatly reduced (bracliydactyly) and the third and fourth toes are fully webbed 
(syndactyly). 

parts may be quite diverse. With the cases in question it is easy to 
imagine that a disturbing factor coming into action on the yth-Sth days 
of incubation might be effective in producing permanent webbing of the 
toes. This is the time when the webbing, already present in the normal 
embryo, shows its most rapid involution and might be expected to be 
most susceptible to modifying influences. The same factor becoming 
effective on the 8th-ioth days might be too late to have any effect on the 
webbing of the toes but would find the cartilages in their formative, and 
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Figure 4 Figure 5 


Figure 4, — ^Lateral view of a left foot showing no feathering whatever but clearly 
revealing the presence of the ptilopod factor by the irregularities in the scutella, some 
of which are “sculptured” (A). The specimen is moderately brachydactyl, the 
dorsal scutella being reduced from the normal 17 to about 10. The third and fourth 
toes are fully webbed. The falciform free margin of the web is indicated at B. 

Figure 5. — Right foot. Similar to figure 4, but showing the sculpturing of the 
scales more clearly. There is a slight indication of syndactyly. Figures 4 and 5 
should be compared with figure i in reference to the number, form and arrangement 
of scutella and the relative lengths of the toes. 

therefore, perhaps, most susceptible stage. Finally, if not effective be- 
fore the Iith-i2th days, the normal webbing and skeleton of the toes 
would have already been determined but the possibility of feather-germ 
development would still remain. (For a discussion of the embryological 
relations of these traits the reader is referred to the paper on brachy- 
dactyly (Danforth 1919 a). 

If one may be permitted to speculate on the mode of production of 
such traits several possibilities at once suggest themselves, (a) The 
simplest and crudest explanation suggests that the observed manifesta- 
tions are the product of the action of some internal secretion upon the 
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normal tissues of the foot. In this case we are in reality studying the 
hereditary character and fluctuations in an endocrine gland through the 
effects produced by its secretion, (b) Conversely it might be assumed 
that the effect of the factor is to “sensitize” certain parts to some normal 
product of the endocrine system, (c) Still again, it is possible that the 
factor acts intrinsically and when a certain stage of development is 
reached the presence of a given gene in each cell of a rudiment defter- 
mines the behavior of the whole mass, more or less irrespective of de- 
velopments in other parts of the embryo. The problem of deciding 
among these and other possible alternatives belongs in the field of exper- 
imental embryology, but is necessarily of interest also to genetics. 

Two interesting points raised by Punnett and Bailey ( 1918) call 
for brief consideration in this connection. One of these concerns their 
suggestion that in the Cochin and Dark Brahma races “two factors 
A and B may be present, either of which determines leg- feathering,” 
while in the Langshan and Silky only one such factor is present. The 
data here recorded throw no direct light on the question since no evi- 
(ience appears to indicate the presence of more than one factor. But 
since the progenitor of these birds was a hybrid, and since the degree of 
ptilopody in none of his descendants was very pronounced, it is quite 
possible that even though the race may have been of Brahma extraction 
one factor had already been lost from the line of descent when the 
present breeding tests were begun. Punnett and B.^.iley seem to imply 
that factor A is the more constant one, and since they offer no means of 
differentiating l)etween them we may assume that their factor A and the 
gene postulated to explain the brachydactyl-syndactyl-ptilopod complex 
are the same. If the factor B is ultin.ately isolated in a strain of fowl 
it will be of considerable importance to determine whether or not it too 
carries the potentiality of brachydactyly and syndactyly. 

The other point brought out in Punnett and Bailey’s report is the 
possible presence of an inhibitor /, assumed to be present in certain 
normal strains and tending to prevent the development of feathers, even 
in the presence of factor A, While, as previously suggested, the par- 
ticular case for which the I factor was postulated is perhaps open to a 
different explanation, the possibility of such a factor being present in 
some cases is of interest. Such a factor introduced by the homozygous 
parent and coming into effect on the tenth to twelfth days might ex- 
plain the very high percentage of brachydactyl non-ptilopod chicks from 
matings 5-9. If the existence of the I factor can be substantiated, a 
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more detailed study of its interaction with the peculiar A factor may 
yield interesting results. 

To summarize briefly: The data presented in this paper show that 
ptilopody (the tendency to produce feathers on the tarsi and toes) is 
subject to a much wider range of variation than has hitherto been sup- 
posed, and that the three traits, ptilopody, syndactyly and brachydactyly, 
are associated in heredity. All the available evidence points strongly to 
the conclusion that the three traits just mentioned are primarily caused 
by a single gene. If the conclusions arrived at in this paper are accepted 
it will be necessary to revise in some measure much of the work that has 
been done on the heredity of ptilopody (“booting"’ or “leg-feathering”). 

The stock used for these experiments was kept in the animal quarters 
of the Department of Anatomy, the eggs were hatched in the laboratory 
incubators and the chicks raised for the most part on the roof. The 
writer wishes to take this opportunity of acknowledging his indebtedness 
to Dr. R. J. Terry, Director of the Laboratories, for making these facili- 
ties available and for his assistance in many other ways. 
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In a previous paper (Ibsen 1916) mention was made of a fact, at that 
time fairly well established by the author, that complete extension (JS) 
of black or chocolate pigment, partial extension (^*’) of the same pig- 
ments, and non-extension (e) of these pigments, form an allelomorphic 
series in guinea-pigs. No evidence for this was given at that time be- 
cause the complete data were to be reserved for a later paper. 

Several authors, among others notably Little (1913), had given a 
different view as to the inheritance of these characters, and it therefore 
seemed advisable to obtain very complete evidence before presenting it 
for publication. This has now been obtained, and will be given as briefly 
as possible in the following pages. Since Little’s theory has already 
been discussed fully in the paper previously mentioned, it will not be 
taken up again here. 

Before proceeding it may be well to mention that the experimental 
results entirely corroborate the multiple allelomorphic conception. This 
would of itself exclude every other conception except that of complete 
linkage, and while these two differ from each other theoretically, they are 
exactly alike so far as practical results are concerned. In no single in- 
stance has a genotype been obtained which was not expected accord- 
ing to theoiy. The same, however, cannot be said with respect to pheno- 
types. A few animals have been born which closely resembled an un- 
expected phenotype, but which when tested proved to be of the ex- 
pected genotype. This will be taken up later in the discussion. 

The one disturbing factor is that the proportionate numbers of indi- 
viduals in a phenotype have not always been according to expectation. 
This disproportion of individuals in the phenotypes, which does not in 

1 Papers from the Department of Genetics, Agricultural Experiment Station, Uni- 
versity OF Wiscx)NSiN, No. 20. Published with the approval of the Director of the 
Station. 
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any way invalidate the allelomorphic relations of the three factors, will 
also be discussed more fully later. 

x\ll of the data have been placed in one large table (table i). In a 
triple allelomorphic series 21 different types of mating are possible. 
These have all been indicated in the table, although in two cases (mat- 
ings I and 2) no matings were actually made. 

The offspring have been classified in two ways, ( i ) the number under 
each phenotype is given, and (2) those which have been tested are 
classified according to their genotype. Almost invariably this testing 
has been done by mating the animal to be tested to a self red (ee), this 
being the lowest in the allelomorphic series. 

In each case after the recorded number of offspring a figure is placed 
in parentheses to indicate the expected number. The method employed 
in the working out of the theoretical expectation, especially in the case of 
the genotypes, should be explained. Mating 10 may serve as an exam- 
ple. Of the 87 self black offspring, 14 were tested by being mated to self 
reds. Of these, 12 proved to be Ee^, while 2 were Ee. According to ex- 
pectation there should have been equal nurhbers of each genotype, or 7 and 
7. In a similar manner, of the 1 1 tortoises tested, 3 were homozygous 
(^V) and 8 heterozygous (e^e). Since equality was expected, the num- 
ber here should theoretically have been 5 of each. 

We are now in a position to discuss the matings in table i. Through 
mating 6 there is only one kind of phenotype, and the genotypes are 
close to expectation. In mating 7 we find the first example of genotypic 
as well as phenotypic disproportion. Instead of 3 blacks to i tortoise, 
the proportion is almost exactly 4: i (129 self blacks: 32 tortoises, and 
of the tested self blacks the ratio of Ee ^ : EE is again almost exactly 
4:1, instead of the expected 2: i (21 Ee^\ 5 EE). 

A further inspection of the matings shows other disproportions. In 
mating 8 we have an excess of tortoises instead of self blacks as in 
mating 7; in mating 9, a deficiency of tortoises, and in mating 13, a sur- 
plus of tortoises again. In the other matings the obtained results are 
fairly, and sometimes quite, close to expectation. ** 

What is the cause of these discrepancies? As yet none has been 

2 It is worthy of mention that in a previous paper (Ibsen 1916) attention was called 
to the fact that in e^e X and X matings an excess of self reds occurred 
in the offspring. In the present paper, with much larger numhers of offspring in 
these matings, this excess has been cut down till the actual numbers are quite close 
to expectation. It may possibly be that with iarger numbers the discrepancies in some 
of the crosses reported in this paper may rectify themselves. 
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Table i (continued) 

All the possible crosses in the allelomorphic series. 
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Table i (continued) 

All the possible crosses in the allelomorphic series. 
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found, but a certain relation has been noticed. This relation may be 
stated as follows: In those matings in which both parents are self blacks 
or else one parent is a self black and the other a tortoise, and in which both 
self blacks and tortoises occur in the offspring, there is a deficiency of 
tortoises among the offspring when these are all homozygous (matings 
7 and 9) and a surplus when they are all heterozygous (matings 8 and 
13). When both classes of tortoises occur in the offspring the excess 
of one class (the heterozygous) tends to be offset by the deficiency of 
the other (the homozygous), and as a result the total number is close 
to expectation (mating 10). 

Cole (1914, p. 350) has suggested four possible explanations for modi- 
fications of monohybrid ratios. ‘‘They might be attributed (i) to the 
non-viability of a particular class of the zygotes (as is the explanation 
offered for both the yellow mice and Antirrhinum) ; (2) to selective 
fertilization, i.e., to a selective union of the gametes; (3) to a dispro- 
portionate production of the two kinds of gametes; or (4) to a differ- 
ential viability of the zygotes, but without the complete disappearance of 
any one class. 

No one of these explanations can be made to fit all the aberrant cases 
just described. The first one, of course, does not apply at all because 
in none of the matings is one expected class entirely missing. The sec- 
ond explanation, selective fertilization, looks as if it might fit some of the 
matings, as for instance mating 7. Here one might say that the (:^-bear- 
ing gametes tended to unite with those carrying E, The fact that 21 
of the 26 tested black offspring were Ee^ would tend to bear this out. 
On the other hand, if we turn to mating 9, where one of the parents is 
homozygous for partial extension (e*’), there is still an aberrant ratio 
in spite of the fact that there is no opportunity here for selective fertili- 
zation. 

The third explanation, a disproportionate production of the two 
kinds of gametes, does not apply either, because heterozygous animals 
of whatever gametic composition when mated to recessive reds (ee) al- 
ways produce equal numbers of the two expected classes of offspring 
(matings ii, 15 and 20). 

The fourth explanation, the partial viability of some one class, seems 
to have more in its favor than either of the other three. By referring to 
table 2 it will be seen that in matings 7 and 9 (in which occur the homo- 
zygous tortoises) the average size of litter is comparatively high, while 
in matings 8 and 13 (which have the heterozygous tortoises) the aver- 
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Table 2 

Average litter size for various matings. 


Matings 

Total number 
of offspring 

Number of 
litters 

Average litter 
size 

No. 

7 

Eet> X EeP 

161 

52 

3.10 

No. 

9 

Eef X e^ef 

107 

37 

2.89 

No. 

8 

EeP X Ee 

238 

91 

2.62 

No. 

13 

Ee X ePeP 

153 

S6 

2.73 

No. 

10 

EeP X ePe 

172 

62 

2.77 

. No. 

II 

EeP X ee 

314 

no 

2.85 

No. 

12 

Ee X Ee 

98 

39 

2.51 

No. 

14 

Ee X 

205 

77 

2.66 

No. 

IS 

Ee X ee 

364 

143 

2.55 

No. 

20 

e^e X ee 

529 

196 

2.70 

Total 1 

1 2341 

863 

2.71 


age size of litter is comparatively low. From this one might infer that 
in the case of the last two matings there is an incomplete viability of 
the self blacks to account for the excess of tortoises in this mating. But 
even if this were the true explanation it does not account in the first 
two matings for the excess of self blacks and consequently the deficiency 
of tortoises. 

When the sex ratios are examined certain aberrancies are found here 
also. In table 3, which has the matings arranged in the same order as in 
table 2, it will be found that for matings 7 and 9 the sex ratios are 
quite close to normal expectation,* while in matings 8 and 13 there are 
marked disproportions. Disproportions occur also in some of the other 
matings, particularly matings 10 and 14. Why these disproportions 
should occur it is hard to see since the factors in this allelomorphic 
series are not sex-linked. Further carefully controlled experimental 
work is necessary in order to help clear up some of this apparent con- 
fusion. 

As previously stated, some animals were born that were phenotypically 
contrary to expectation. This is true of matings 17 a, 19 and 21. The 
numbers enclosed in quotation marks in table i refer to these animals. 
In the first two of the above-mentioned matings some apparently self- 
black animals were born from tortoise parents. It had been noticed in a- 
number of cases that animals which were apparently self black at birth 
later showed a few red hairs and so were undoubtedly tortoises and 

The ratio for the total 2341 animals in the table is 105.93 males to 100 females. 
This approximates that found in many other animals. 
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Table 3 

Sex ratios for various matings* 



were classified as such. Some of the animals listed as self blacks were 
bom dead and hence had to stay classified as such. The few, however, 
that remained self black in appearance when adult, behaved as tor- 
toises when mated to self reds (ec) or tortoises. It is probable that few 
if any ^‘seifs’' or almost seifs would have been produced were it not for 
the fact that selection was being practiced in a plus direction in a definite 
attempt to produce actual E seifs in this manner. So far, as above indi- 
cated, the attempt has been entirely unsuccessful. 

In mating 2i we have another example of an apparent dominant being 
produced from two recessives. Here, what looked like a tortoise was 
born from self red parents. The animal in question, A 85.1, was entirely 
red except for a very small chocolate patch back of the left ear. It was 
one of a litter of five all of which unfortunately died shortly after birth. 
The parents have had 14 offspring altogether, and of these 13 were self 
reds. 

The aberrant '’tortoise’^ might be looked upon as a mutation, but evi- 
dence based on another animal indicates that it was genetically a self red 
(ee) in which the non-extension factor (ee) was “accidentally” over- 
expressed. The other animal referred to is 665.2, which was red with a 
few small white patches on the head and a very small black area in front 
of the right ear. She came from an e^e X ee mating and was originally 
classified as a tortoise (e^e) (Ibsen 1916, p. 302). However, when 
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mated to self reds she had 15 offspring, all self reds. Tortoises as a rule 
have at least half of the body surface covered with black patches. The 
two animals, A 85.1 and 665.2, referred to above, had far less black (or 
chocolate) pigmentation than any genotypic tortoise so far born in our 
laboratory, and therefore in spite of the black patches on their bodies 
must be looked upon as genetically self reds. 
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Difflugia corona 97, 114, 122, 147, 148 
DigbY) L. 483 

Dimorphism 334, S3S» 53 ^, SS 4 » S 7 i, 573 
DioeciousnesS) effects on sterility 467 
Dipsacus sylvestris tarsus 535, 574 
Disturbing factors 214, 215, 217 
Division of mother-cells in hybrids 436 
Dominance 58, 264, 382, 496, 497 
Imperfect dominance 58, 276, 303 
Dominant factor and sterility in Drosophila 
50s 

Dominant ^enes lethal 281 
Dominant inhibitors in wheat 76, in maize 
272 

Dominant modifer 300, 306 
Dominant red in pigeons 186 , 188, 191, 
200, 202 

Dorsey, Ernest 417 

Dorsey, 3 ) 4 . J. 417 , 418, 426, 433, 443, 
453 , 467, 483 

Double crossing-over 206, 207, 211-217, 225- 
236, 239-241, 298 
Double recessive 200 
Doubleness 439 
Dove (Columoidae) 200 
Drinkard, a. W. 422, 483 
Drosophila ampelophila 501, 533 
Drosophila melanogaster 501 
Abnormal abdomen 276-279 
Acrostical hairs 281 
Australian wild stock 526, 529 
Bar-deficiency 276, 279, 280 
Bar eyes 504-510, 515-528 
Bigenic nature of the vortex character 
283, 285 , 286, 287, 306 
Biometrical study of crossing over 205 
Blood 277 
Body color 

Sepia 207-209, 211, 213, 220-227, 237 

277, 28s 

Sooty 207-227 
Streak 283, 296-300, 306 
Yellow 529 
Body size 

Dwarf 502, 527-532 
Bristle character 
Dibro 502, 527 , 532 

Dichaete 207-209, 215-217, 220-227, 
237, 238, 283-200-292-295, 299, 301, 
. 30s, 306, 527 
Bristle number 221 
Bristle reduction 

Hairless 207-209, 216, 217, 225, 301, 
302 

Morula 5 

Reduced 50^, 524, 526 , 527, 530, 532 
Spineless 207-227, 237 
Bristle selection 6 
California wild stock 283, 526, 529 
Culture conditions, effect of 279 
Deficiency-allelomorph compound 278 


Drosophila melanogaster (continued) 

Dibro 502, 527 , 532 

Dichaete 207-209, 215-217, 220-227, 237, 
238, 283-200-202-295, 299, 30s, 306, 
527 . 

Egg-laymg capacity 526 
Exceptional females 520, 521 
Exceptional males 510, 512, 515, 521 
Eye color 
Blood 277 
Cherry 277-279 
Coral 277 

Crimson 275, 525, 526, 528 
Garnet 277 

Eosin 275-277, 280, 281, 503, 510, 525- 
528 

Maroon 529 
Peach 207, 208 
Pink 277 
Purple 275 

Red 27s. S03. S05. Sio. 525 
Vermilion 277 

White 276-278, 280, 282, 503, 510 
Eye shape, facet arrangement, etc. 

Bar 504-510, 515-528 
Echinus 277, 282 
Facet 276-282 

Kidney 217, 220, 223, 225, 227 
MoruU S02, 524, 525, 528, S 30 , 53 * 
Rough 207-213, 217, 220-227, 527 
Star 283, 285, 286, 202 , 294-297, 299, 


Fertility of fused female 503, 506, 509, 
521 

Infertility of fused stock 503-506 
Interference of streak and vortex 298, 


299 

Intergrades in vortex character 285 
Lethal factors 279, 281, 354, 512 
Linearity of regression 22^230 
Microchaetae 283, 284 
Modifiers for crossing over 218, 210 
Modifier for morula 525 
Modifying action of rudimentary on steril- 
ity 522 

Mutation 275-282, 304, 507, 522 
Non-vir^ity errors 207, 304 
Not-sterile factor 508, 509 
Parent and offspring correlations 220, 221, 
241 

Production of but one sex by fused fe- 
males 509 

Quadruple crossovers 215 
Ratio of crossing over (see also crossover 
values) 211, 213, 217, 2i§, 221-223, 
226, 2^7, 234, 23s, 239-241, 286 
Ratio of twist in chromosome 210, 213, 


Recessive in the Y chrosome 532 
Scuteliar bristles, extra 281 
Season, variations of 218, 241 
Second chromosome 214, 286, 289, 292, 
293» 298, 304-306, 526 
Sdection experiments 219, 223, 241, 300 
Sterility gene 506-508, 514, 52X, 525-532 
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Drosophila melanogaster (continued) 

Sterility in fused stock 502 
Sterility in males 279 
Sterility, intra-specific SOI--S33 
Sterility of mutants 530 
Streak vortex modifier 300 
Third chromosome 205 , 211 , 207, 213, 
214, 226, 233, 277, 290-294, 301, 304, 

30s 

Variations in crossing-over 205, 211, 214 
Veins 280 

Viability 205, 221, 222, 520, 526 
Vortex 283 , ‘ 284 , 285 - 288 - 292 , 296 , 300 , 
301 , 302-306 

Vortex intensifier 283, 302-305 
Wing character 
Beaded 391, 537 
Cleft 502, 528-532 
Club 304 
Curled 225 
Flipper 283, 304 , 305 
Fused 502 , 503, 508-517, 520, 521, 525, 
^529-532 
Mmiature 516 
Notch 275-282 
Notch deficiency 275-282 
Rudimentary 502, 513, 516, 517, 519- 


524, S 3 I 

Duck (Anas) 3, 4 
Duckweed (see Lemna) 151-182 
Duplication 289 

Dwarfs 304, 33S» 337, 302, 528, 530, 532 
East, E. M. 2, 4, 93, 262, 274, 308, 309, 310, 
334, 335, 339-341, 344, 345, 346, 349,, 
352, 354, 355, 356, 365-366, 367, 382, 
393, 464, 467, 472, 473, 476, 477, 4^3, 
531, 533 * 575, 576, 5S5 
Eichler, a. W. 58$ 

Embryology, experimental 595 
Emerson, R. A. 261, 270, 274, 310, 335, 


339, 340, 374, 391, 393 * 4I4, 4^5 
Endocrine gland 595 

Endosperm 3, 4, 263, 274, 364, 372, 444, 
453 , 456, 457 , 479, 488 
Enforced heterozygosity 376 
Environment loo, 112, 144, 146, 182,206 
207, 218, 222, 241, 307-309, 314, 338, 

340, 347 , 356, 418, 426, 497 , 543 , 557 , 
565, 573 574 , 584 

Agencies 573 , 575 , 

Characters dependent upon for realiza- 
tion 581 

Factors 104, 131, 144, 148, 301, 316, 566, 
581 

Influence 12, 37, 46, 63, 128, 143, i 45 *, 307, 
376, 550, 566, 574 
Enzymes 262, 353, 427 
Ever-sporting varieties 535, 538, 547 , 549 , 
553 , 554 , 558, 560, 571, 574 , 583, 584 
Evolution 146, 147, 150, 483 
Ewert. R. 458, 483 
Extension factors 597 
Extra sex chromosome 502, 510, 520 
Fagopyrum escuUntum S38-*S40, 573 


Fagopyrum tataricum Gaertn. (see also buck* 
wheat) 534, 535, S37~S42, 5S8, 568-^70, 
578, 579, S8i, 583 
Farr, C. H. 427, 483 
Fasciation 324, 573 

Fertility (see also pseudo-fertility) 30, 359, 
360, 475, 52s, 526, 529 
Fertilization 

Drosophila 515, 518-521, 532 
Plum 418, 438, 443-445, 450, 452, 453, 
456, 457, 462, 463, 467, 470, 476, 481, 
486, 488, 499 
Tobacco 346, 352, 355 
Fertilization, selective 346 
Fertilized eggs, sex of 251, 252, 259, 260 
Fisher, R. A. 489, 496, 499 
Fixing of type 309 
Flowering time of peas and rice 7 
Fluctuation 75, 205, 240, 290, 291, 309, 332, 
386, 589 

Food 207, 218, 219, 222, 241 
Formulae 

Coefficient of correlation 223, 230 
Coefficient of variability 88 
Deviation from regression line 230 
Measure of resemblance 490 
Probability 257 
Probable errors 230, 397 
Ratio between chromosome twists 234 
Fowl (Callus) 587-596 
Aberrant cases 589 
Ancestry 588 

Barred Plymouth Rock 588 
Basal phalanx 592 
Black Minorca 588, 589, 592 
Booting 587, 590, 596 
Brachydactyly 587-596 
Brahma 588, 590, 595 
Cartilages 593 
Cochin 595 
I3ark Brahma 595 
Dorsum 591, 592 
Down 587 

Effect of alcohol 588 
Feather-germ 594 
Feathering 594-596 
Foot 595 
Hamburg 589 
Hereditary complex 587 
Langshan 589, 595 
Leg-feathering 587, 595, 596 
Minorca 589 

No crossing over in the female 200 
Non-ptilopod 595 
Phalanges 593 
Ptilopody 587-596 
Scale-forming tissues 592 
Scales of foot 591, 592, 594 
Scutella 587, 591, 594 
Secretion of endocrine gland 595 
Silky 589, 595, 596 
Skeleton 594 

Somatic combinations 589 
Syndactyly 587, 590, S93, 595, 596 
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FoTd (Gallus) (continued) 

Tamis 587 , S89> 591* 59^, 59^ 

Toes 587, 589, 59 i» S 93 » 59 ® 

Yokohazna 589, 596 
Fragaria 426, 428, 429» 433 » 43<5 
Fa^if AN^ Geo. F. 1 
Frequency distributions 
Arcella 104, 106 

Buckwheat 545, 546, 562* 563, 584 

Drosophila 211 , 213, 247 

Lemna 157, 158, 160-178 

Tobacco 315, 316, 320, 324, 326, 331, 336 

Twins 490 

Frequency surface 490 
Frogs 498 

Fruwirth, C. 4, 5. 6, Q3 

Gametic coupling (see linkage) 2, 7 

Gametic selection 2 

Gametophyte 440, 442, 473, 474 

Gardner, V, R. 418, 460, 472, 483 

Garner, W. W. 307 

Gates, R.,R. 235, 248 ^ 464 , 483 

Gavin, W. 214 , 248 

Geerts, J. M. 235, 248 

Generative cell of pollen 431, 478, 482 

Genes 

Duplication of 289 
Homologous 348, 591 
Modifymg 591 
Multiple 2, 270, 334» 339 
Nature of 216, 347 
Plural 413 

Germinal variation 310, 317, 324 
Germination percent 457 
Germ-plasm 128, 146, i 47 » 347 > 418, 442, 463, 
S02y 592 

Godlewski, £. 235 , 248 
Goebel, K. 574, 5^5 

Gopf, E. S. 418, 419, 446, 448, 472, 4^3, 

4S5 

Goldschmidt, R. 209, 248 
Goodale, H. D. 198, 200, 20J, 248 
Gowen, J. W, 205 

Grape (Vitis) 427, 428, 459, 467, 469, 482 
Gray, A. 152 , 182 
Gray, Jambs 417 
Green stigma in Primula 237 
Greenwood, M. 214 , 248 
Gregory, R. P. 235, 237, 248, 413 
Growth adjustments in Bryophyllum 459 
Guinea-pigs (Cavia) 261, 597 - 6 o 6 
Chocolate pigment 597, 599-602, 605 
Deficiency of tortoises 598, 604 
Dilution factors 261 
Excess of self-blacks 604 
Excess of tortoises 598, 604 
Litter size 603, 604 
Self-black 598-605 
Self-red 598'-6o6 
Tortoise 508-606 

Triple allelomorphic series 597 , 598 
Guppy, H. B. 163 , 182 
Halsted, B. D. 372, 373, 393 
Harris, J. A. 545, 3?3 
Hasselbring, H. 311, 340 


Hayes, H. K. 3, p3, 262 ^ 274* 308, 309, 31X, 
334 , 339 , 340, 365-367, 382, 3 P 3 , 575 , 
576, S^S 

Hedrick, U. P. 419, 421, 4^3 
Hbgner, R. W. 95 , 142 , 130 
Heideman, C. W. 418, 420, 446, 466-469, , 
483 

Height, wheat ii, 31 - 52 - 57 , 84 
Heinicke, Arthur I. 458, 469 , 483 % 

Herbst, C. 235, 248 
Heribert-Nilsson, N. 559, 383 
Heron, David 235, 248 ^ 24^ 

Hertwig, R. 498, 49P 
Heterosis 53, 58, 92, 310, 317, 330, 334 , 
338 

Heterot3q>ic division 424 
Heterozygosity ii, 12, 20, 30, 53, 55 - 57 , 

76, 91, 92, 330, 338, 376, 414 
Heterozygous female 207, 209, 222, 223 
Hibiscus oculiroseus 335 

Hoge, Mildred A. $81, 383 

Homozygosis 351, 362, 363, 374, 414 

Homozygosity ii, 16, 24, 28, 6a, 376, 508 

Honey bee (Apis) 252, 260 

Hooded rats 7 

Hormones 473 

Hoshing, Yuzo 7, p3 

Humidity and temperature as factors in 
floral abnormalities 580 
Hurst, C. C. 587, 596 
Hybridization 2, 396, 476 
Hybrids 

Chinese maize 261 , 263, 264, 266, 267, 
269, 270, 274 ’ 

Plum 421, 435, 435 . 436, 437 . 44 ®. 44 *. 

463. 478, 479 . 4*6 
Silkworms 397, 398 

Wheat II, 13, 14, 16, 18, 22, 23, 28-32, 

34, 37, 40-45, 48, 49, S 3 , 55 , S8, 69, 73 , 

77, 78, 83, 84, 87, 88, 92 
Hyde, R. R. 502 , 333 
Ibsen, H. L. 597 , 605, 606 
Ikeno, S, 415 

Imperfect dominance 58 
Inactivation 276, 280 
Inbreeding 221, 380, 501, 508, 530 
Incompatibility 348, 352, 353, 361, 4721 
' 481 

Causes of 476 

Incompatible cross-pollinations 348 

Incompatible pollen-tubes 352 , 353 

Incomplete dominance 264 

Incomplete s^regation 365, 368 

Incomplete viability 604 

Inconstancy of genotype 96 

Increased size, inheritance of in Lemna 174 

Independent segregation 364 

India wheat (Fagopyrum) 535 

Infertility 357-359, 525 

Infinite population 257, 258 

Inhibitors 3, 76, <75 

Integuments of plum 438, 443, 449, 488 

Interindividual variation 

Intra-^cific sterility 501 , 532 

Intra-sterile classes 363, 476 
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ISBIKAWA, C 396 
Janssens, F. A. 239, 248 
Jennings, H. S. 95-^8, 102, 114, 122, 147, 
ISO 

Johannsen, W. 4, s, 6, 147, 150, 151, 181, 

415 

Johnson, James 307 

Jones, D. F. 2, 364 

JOST, L. 472, 473, 485 

JuEL, H. O. 436, 48s 

Kagoyama, T.*396 

Keliey, Frank J. 183 

Kellogg, V. L. 415 

Kempton, J. H. 261 , 265, 274, s7^ 

Kirkpatrick, W. F. 194, 196, 201 

Knight, L. I. 417, 432, 453, 472, 48s 

KOlreuter, j. G. 343 

Kraus, F. J. 469, 472, 48 ^ 

Lancefield, D. £.522, 53J 
Latency 413, 415 
Laxton Brothers 376 
Lehmann, Ernst 560, 585 
Leidy, j. 97, ISO 
Lenina minor ISO-182 
Aberrant shapes in fronds 164 
Acquired size, inheritance of 172, 173, 
182 

Apical region 152 

Asexual propagation 165, 181 

Bimodal condition 158 

Budding, mode of 152, 154, 181 

Budding, speed of 154, 165, 169, 181 

Buds 152, 154, 156, 173 

Diverse strains 158 

Effect of culture media 159-161, 1 71-173, 

i8i 

Frequency of shape types 16 1 
Fronds in wild population 153, 154 
Leaves 152 

Permanency of size races 158 
Physiological variations 181 
Races in wild population 154 
Shape of frond 1 S 2 - 1 S 0 - 161 - 164 , i8i 
Size of frond 160-172-173-174-1 81 
Stem 152 
Variation 

And selection in shape of frond 159 , 
181 

And selection within clonal lilies 151 , 
159 

In root growth 156 
In size 157, 158, 181 
In speed of propagation 156, 164-167, 
181 

In a wild population 152, 154 
Lemna polyrrhiza 152 
Lens escidenta 4, 6 
Lepidoptera 198 

Lethal factor 2, 195, 198, 201, 275, 276, 279, 
281, 289, 354 , 376, 483 
LevinEj M. 436, 48s 
Lily (Lilium) 426 
Linostrom, E. W. 392, 393 
Line stuffs 475 


Linkage (see also coupling, repulsion) 3, 
183 , 198, 201, 235-237, 270, 274 » 286, 
289, 290, 292 , 295, 304, 589 
Little, C. C. 415, 597, 606 
Lloyd- Jones, O. 184, 201 
Lock, R. H. 316, 340, 364 
Loeb, j. 459 , 4^5 
Loiseleur 539 
Long style. Primula 237 
Lord, O. M. 446, 448, 483 
Love, H. H. 182 
Lupine (Lupinus) 6 
Lutz, A. M. 235, 248 
Lynch, Clara 501 
Lynch, Vernon 114 
MacDonell, W. R. 214, 248 
MacDoweil, E. C. 3, 6, 93, 220, 248, 392, 
393 

Maize {Zea Mays) 261 , 263, 270, 364 , 365, 
389,391,414 

Aleurone 262, 267-270, 274, 392 
Algerian variety 262-264, 269 
All-colored ear 267, 273 
Anomalous endosperm 372 , 374 
Back-crosses 375, 382 
Basic factors 264, 265 
Black 261 
Blue 262-264 
Brown 261 

Chemical composition 366, 371, 382, 392 
Chinese maize, hybrids of 261 
Chinese waxy type 261-264, 269 
Clay aleurone color 261 
Comi>arative effects of double female en- 
dosperm nucleus and second male 
nucleus 382 

Corneous-floury endosperm 382, 383 
Cytological aberrations 374 
Dilution factors 261, 274 
Endosperm 364-366, 369, 370, 382, 386, 

391 

Chemical composition of 392 
Deficiencies 366 
Development 383, 385, 388-390 
Factors 376, 377, 383-385, 387, 393 
Texture 263, 265, 268, 269, 274 
Flint com 366, 374 
Floury com 366 
Floury starch 370 
High-protein strain 365 
Horny endo^erm 263 
Mottled seeas 261 
Pale color 261 

Physiological correlation 386 
Pink 261 

Rant factors 373, 383* 384, 385, 393 
Popcorn 366 

Pseudo-starchy endosperm 364, 367, 369- 
371, 374 , 375, 382-384, 386, 387, 390 
Puqple seeds 261-263 
Red seeds 261-264 

Selection of pseudo-starchy endosperm 

364 
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Maize {Zea Mays) (continued) 

Semi-flinty com 373 

Semi-starchy endosperm 364-366, 368, 

382,. 391 . 

Somatic mutations 374 
Spotted aleurone color 261 
Spotted seeds 262, 264-266, 269-274 
Spotting factor 268, 270 , 271, 274 
Starch grains 366, 369, 371 
Starchy seed 364-367, 382, 389, 391, 392 
Sweet com 364-366, 373, 375, 384, 386, 
3^9, 391 

Waxy endosperm 366, 371 
White seeds 264-268, 270, 273, 274 
Male 207, 236, 253, 254, 257-260 
Crossing over in 201 
Gamete 269, 498 
Male gametophyte 355 
Males, percentage of 258 
Marital correlation 497 
Mass selection 6 

Mathematical universe for double crossing 
over 228, 232 

Matthiola (se^ also stocks) 535, 574 
Maude, L. C. 409, 415 
McClung, C. E. 248 
Mechanism of heredity 234 
Mendel, G. 2, 346, 364, 395, 4^5 
Mendiola, N. B. 151 , 170 
Methods (see technique) 

Metz, C. W. 276, 282 
Mice 


Lethal factors 354 
Yellow body color 281, 346, 603 
Middleton, A. R. 96, 147, 150 
Migonette (Reseda) 341 
Miles, F. C. 415 
MirabUis Jalapa 343, 344 
Mirabilis longtflora 343, 344 
Modification, non-heritable 535 
Modification of genetic factor 414 
Modifying factors 205, 219 , 221, 222, 241, 
261, 299, 301, 303, 304, 306, 591 
Mohr, Otto L. 276 , 283 
Moore, C. W. 432, 485 
Morgan, T. H. 234, 239, 240, 248, 24g, 
275 , 278, 279, 282, 304, 347 392, J9J, 
464, 4^5, 513, 516, 532, 5^5 

Muller, H. J. 214, 239, 24P, 281, 376, 391, 


3 P 3 , S 3 I, 533 

MUller-Thurgau 458, 485 
Multiple allejomorphism 345, 597 
Multiple factors 2, 270, 334, 339 
Mustard XSinapis alba) 6 
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Arcella 127 , 13 1, 146, 148 
Drosophila 275 , 282, 285, 507, 521, 522 , 
523, 527, 528, 532, 533 
Fowl 591 
Guinea-pig 605 
Lemna 164, 182 

Not visible in the first generation 146 
Of an entire region of chromosome 275 
Myers, C. H. 182 
Natural selection i8i 


Nicotiana (see tobacco) 4, 342 , 467, 472, 
477 

Self-sterility 345, 531 
Nicotiana alaia 4, 342, 343, 345, 348 
Nicotiana angustifolia 345, 348 
Nicotiana Forgetiana 342, 345, 348 
Nicotiana Forgetiana X alata 349-351, 356 
Nicotiana Forgetiana X Langsdorffii 342, 343, 
345 
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Nicotiana Langsdorffii 4, 342, 343 
Nicotiana Langsdoiffii X alata 343-345 
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Nilsson-Ehle, H. 3, 7, Q3y 334, 340, 413 
Non-disjunction 194, 278, 280, 509, 512, 
S 2 I, 532 

Non-extension factor 605 
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Non-viability of a class of zygotes 603 
Norton, J. B. 310, 340 
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Nucleolus 431, 436, 482 
Nucleus 4, 97, 139, 142, 147, 274, 382, 423, 
428-431, 435 , 436, 443 , 478, 479 , 481, 
484 

Nucleus and cytoplasm, relation between 

139 

Nuttall, j. S. W. 190, 191, 201 
Obturator 444 

Oenothera 348, 467, 472, 559 , 574 
Embryo abortion 472 
Fasciation 574 
Non-viable seeds 467 
Selective elimination 348 
Oenothera Lamarckiana 559 
OSTERWALDER, A. 432, 483 
Paramecium i8o 

Parents and offspring, correlation io8, 113, 

IIS, 121 , 125 

Park, J. B. 341, 344 , 545 , 349 , 352, 555 , 
356, 359 , 472, 473 , 476, 477 , 4 ‘? 5 , 53 i, 555 
Parshley, H. M. 498, 4PP 
Partial extension 597, 603 
Partial inhibitor 274 
Partial viability 603 
Patency 413 

Paternal correlation 496, 497 
Payne, ]?. 392, jpj 
Pea (Ksum) 7 
Pear {Fyrus communis) 487 
Pearl, R. 214, 240, 249, 370, 392, 595, 498, 
4 PP, 502, 533 

Pearson, Karl 217, 223, 230, 232, 235, 249 
PiCHOUTRE, F. 443-445, 453 , 464, 483 
Penzig, 0 . 383 
Pepper (Capsicum) 335 
Permanent variations produced by selec- 
tion 309 

Pertz, D. F. M. 554 , 383 
Petalody 437 

Peters, Reg. W. 418, 446, 452, 483 
Peyritch 574 

Phaseolus vulgaris (see also bean) 5 
Pheasant 4 
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Phenotype in disagreement with genotype 
573, 597-603 
Phillips, J. C. 3, 4, pj 
Phyllotaxy 568, 571 

Physiological characters highly variable 214, 
240 

Physiological weakness in tobacco 337, 339 
Picris hieracioides 574 
Pieters, A, J* 471, 485 
Pigeons 183-203 

Absence of crossing over in female 199- 
201 

Baldhead pattern 189 
Barred types 188 
Colors in domestic 184, 202, 203 
Descriptions of colors 202 
Down and intensity, correlation between 
i8s 

Eye-color 184 
Fantail 18^, 190 
Gray, dominant 186 , 200, 202 
Intensity 184 -i 86 , 189, 192, 194, 195, 198, 
200 

Pigment modifiers 184 
Red-barred 188 
Red, dominant 186 , 200, 202 
Sex-linked character 183 , 198, 200 
Tumbler breed 186, 189 
Pistil abortion 446 , 447 
Pistillody 437 
Pisutn arvense 5 
Plough, H. H. 239, 249 
Plum 417-488 

Aborted pistil 446 , 447, 448 
Aborted pollen 425, 426, 432, 433 , 435 - 
437 , 439 , 440, 442, 462, 463, 479 , 481 
Abscission 438, 439, 443, 444, 452, 455, 
467, 471, 488 
Acalycine flowers 437 
Anther suppression 438 
Anlipodals 479 

Archesporial cell 422, 423, 477 
Arrested development 481 
Calyx 438, 439, 447, 449, 455 , 480 
Carpel 438, 443, 444 
Chalaza 443, 444, 449, 452, 479, 484 
Cotyledons 457, 482 
Curculio strings 455“4S8 
Cytoplasm 426-436, 444, 482 
Cytoplasmic abortion 433 
Dehiscence of anthers 418, 442, 478 
Diakinesis 424, 436 
Dioeciousness 449, 467, 469 
Double-flowered 439 
Dropping of pistils 446 , 447, 479 , 481 
First drop 446 
Second drop 449 

Third (or June) drop 454 , 456 , 458 , 471, 
479 

Elimination of gametes 462-464 
Embryo abortion 445 
Embryonic development 462, 479 
Embryo-sac 438, 443, 444, 445 , 452, 453 , 
458, 464, 473 , 479 , 481, 484, 488 
Enzymatic process 442 


Plum (continued) 

Epidermal layer 422 
Epidermis 443, 444 
Exine 430, 433, 437 
Flowers 467, 468 

Fruit development dependent on seed de- 
velopment 469 

Genetic relation^ip 465 , 466, 470 
Germ-cell formation 475 
Germination of pollen in artificial media 
- 472 

Germination tests 472 

Germ-pore 429, 43i, 433, 434, 478, 482 

Gynaecium 473 

Heterotypic division 424-428, 435, 436, 

463, 478 

Homeotypic division 425 
Interspecific combinations 465, 466 
Intersterility 420 
Intine 431 

Megaspore mother cell 479 
Microspore (see also pollen) 425-429, 433, 

436, 440, 463, 474, 478, 481, 482 
Microspore nucleus 430, 434 
Microspore wall 428 , 482 

Middle lamella 427, 428, 444 
Mother cells 423, 427, 428, 434, 436, 
478, 479 

Mother-cell wall 426, 427, 478, 482 
Multipolar spindle 424 
Non-pollination 458 

Nucellus 438, 443, 444, 457 , 482, 484, 488 
Ovule 443 - 445 , 448, 452, 458, 463, 471, 
478-482, 486, 488 

Suppression of one 445 , 448, 452, 464, 
478-482, 486, 488 
Pedicel 449, 455 
Petalody 437 , 438, 486 
Petaloids 438 
Petals 438, 478, 486 

Pistil 419, 421, 442 , 443 , 446-452, 457 , 
460, 462-464, 467-470, 473, 478-482, 
488 

Pistil development 442 , 478 
Pistil suppression 469 
Pistillody 437 , 438, 486 
Pistilloids 438 
Pit 445 
Placenta 444 

Plasma membrane 427, 428 
Pollen 431 , 433 , 435, 436 , 437, 440-442, 
457 , 462-464, 467, 471, 474 
Pollen abortion 425, 426, 432, 433 , 435 - 

437, 439 , 440, 442, 462, 463, 478, 479 , 

481 

In hybrids 435, 442 
Pollen degeneration 422, 425, 442 
Pollen development 421 , 422, 439, 477, 
478 , 479 

Pollen mother-cell 422, 423, 477, 478, 

482 

Pollen suppresaon 463, 479 
Pollen tube 431 
Pollen viability 472 
Pollenizers 419, 420 
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Plum (continued) 

Reduction divisions 436, 474, 475, 477 

Secretions of the egg 473 

Sex structures 421 

Sexual affinity 466 

Single ovule 471 

Spindle 424 

Spireme 423 

Stamen suimression 469 
Staminate flower 469 
Sterility 417 , 419, 420, 460, 462 , 465, 
467, 471, 472, 47 ^, 477 , 478 
Stigmatic cells 443, 473 
Stigmatic fluid 474, 481 
Stylar tissue 431 
Suppressed embryo 445, 456 
Tapetum 423, 425 , 427, 437 
Tetrad 425-428, 433» 436, 463, 482 
Tetrad degeneration 482 
Tetrad nuclei 427 
Tetrad wall 426-429. 437, 478, 482 
Varieties 

Abundance 420, 422, 440, 450, 461 
Aitkin 441 

Assiniboin 420, 450, 451-486, 488 
Blush 44t 

Burbank 420, 422, 440, 441, 450, 455, 
460-462, 482, 484, 486 
Cheney 441, 488 
Chicasaw 447 

Compass 420, 441, 454 - 457 , 460-462, 
465-467, 484, 486 
De Soto 441 
Early Red 466 
Etopa 420, 441 
Hiawatha 446, 466 
Iron Clad 425, 431, 441 
Kamdesa 484 
Loring 441 

Manitoba 441, 451, 455, 460-462, 488 
Milton 465 
Miner 447 

Minnesota No. i 461 
Minnesota No. 5 482 
Minnesota No. 6 420, 455 461, 462, 

465 

Minnesota No. 8 420 
Minnesota No. 9 461, 462, 465, 466 
Minnesota No. 10 420 
Minnesota No. 12 420, 425, 460-462, 
465, 466 

Minnesota No. 17 484 
Minnesota No. 18 450 
Minnesota No. 21 420, 450, 451, 455, 
456, 459, 480, 482, 484, 486, 488 
Minnesota No. 35 420, 450, 461, 462, 
465, 484, 488 
Moreman 446 
New Ulm 418 
Ocheeda 441 
Opata 425, 441, 484 
Robinson 418 
Rollingstone 441 
Sapa 441 


Plum (continued) 

Satsuma 484 
Sophie 465 

Stella 425, 446, 456, 486 
Stoddard 425 

Surprise 420, 422, 425, 441, 461, 462, 
486 

Terry 461, 462 
Wakapa 420, 451 
Wayland 447 
Whitaker 465 
Wickson 448 
Wild goose 447, 465 
Winnipeg 454, 455 
Wohonka 420, 451, 484 
Wolf 420, 441, 448, 450, 466, 484 
Wyant 425, 429, 431, 44i 
Yellow egg 420, 431, 441, 452-457, 460- 
462, 465-467, 486, 488 
Pollen grain 354, 355, 430, 474 
Germination 348 

Pollen-tube 349 , 352 , 431 , 432, 443, 472, 
473 , 481 

Frequency distributions 349-352, 354 
Growth 348, 349, 351 
Nucleus 352 

Pollination 73, 349 , 352, 357 - 359 , 373 , 374 , 
390, 418, 451, 453 , 458, 463, 467, 488 
Polygonaceae 539, 540 
Polygonum 539, 540 
Polygonum orientale S 39 
Polygonum Persicaria 539 
Polygonum Pyramidatum 539 
Polygonum taiaricum (see Fagopyrum and 
buckwheat) 535, 539 
Polygonum tinctorium 539 
Popcorn (see maize) 366 
Powys, A. O. 214249 
Practical breeding 563 
Predominance 190 

Prematuration 513, 520, 521, 526, 531, 532 

Primula 236-238 

Probability 257-259 

Probability integral 491 

Probable error 10, 173, 179, 267, 409, 493 

Prunus (see also plum, cherry) 433, 439, 

440, 443, 465, 467, 472 

Prunus americana 418, 419, 420, 422, 425, 

441, 446, 447, 451, 457-459, 462, 465, 
466, 480 

Prunus americana mollis 419, 422, 425, 440, 
441, 484 

Prunus americana X triflora 425, 486 
Prunus angustifolia 441, 482 
Prunus armenica 435, 465 
Prunus Besseyi 4j8, 419, 420, 422, 430, 435, 
441, 449, 461, 465, 470, 473 
Prunus Besseyi X americana 441 
Prunus Besseyi X armenica 441, 482 
Prunus Besseyi X hortulana Mineri 441 
Prunus Besseyi X Mineri 441, 465 
Prunus Besseyi X (P. Munsoniana X tru 
flora) 425, 441 

Prunus Besseyi X Simoni 441, 484 
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Prunus Besseyi X Ififlora 441 
Prunus Besseyi X {triflora X Munsoniana) 
484 

Prunus Cerasus (see cherry) 484 
Prunus domestica 418, 419, 421, 422, 430, 
431, 441, 444, 447, 4S2, 453 » 459 , 465, 
472, 476 

Prunus hortulana 418, 419 
Prunus hortulana Mineri 422, 425, 441 
Prunus nigra 418, 419, 422, 430, 44 i, 447 , 
46s, 486 

Prunus pennsylvamca 422, 425, 430, 441 
Prunus Pissardi 444, 484 
Prunus Simoni 462 
Prunus spinosa 464 

Prunus triflora 418, 419, 422, 439, 440, 441, 
446, 457, 450, 465, 484, 486 
Prunus trifiora X amerkana 441 
Prunus triflora X amerkana mollis 425, 440, 
484 

Prunus {triflora X amerkana) X P. Cerasus 
484 

Prunus trifiora X {Besseyi X hortulana 
Mineri) 484 

Prunus virginiana 430, 441, 484, 488 
Pseudo-fertility 342-345, 456, 360-363 
Pseudo-starchy endosperm in maize 364-393 
Pullman, J. A. 539, 

PuNNETT, R. C. 3, 93, 209, 235-238, 247, 
249, 587, 589, 595, 

Pure cultures 49, 62, 69, 77, 78, 83, 87 
Pure lines 5, 6, ii, 12, 15, 24, 3^, 34* 40, 
45, 58, 88 ^ 

Pure-line selection 4 
Pure-line theory 151, 182 
Pygopagus parasiticus 588 
Quaintance, a. L. 253 
Quantitative characters governed by several 
factors 379 

Quantitative characters, heredity of in wheat 

I 

Random sampling 218, 225, 236, 257, 491, 
486 

Range of variability 47, 62, 171, 310, 317, 
527, 549, 551, 562, 563 
Raphanus raphanistrum 574 
Rat (Mus) 7 
Reciprocal crosses 

Maize 263, 269, 274, 375, 377, 380, 382, 

384 

Tobacco 317, 338 
Wheat 2 

Recombination 37, 53, 79, qi, 413 
Red stigma. Primula 237 
Reduplication 209, 247, 249, 250, 272 
Reduplication theory 209, 227, 233-239 
Reeves, F. S. 467, 

Repugnance 513, 516, 533 
Repulsion 199 

Reseda odorataj^i, 475, 483 
Resistance to Thielavia root-rot disease in 
tobacco 309 

Restoration, principle of 517, 521, 526, 531, 

532 


Reversion 144 

Rhizopod 95, 147, 150 

Rice (Oryza) 7 

Ridgway, R. 201, 202 

Ring-dove (Streptopelia) 185, 186 

Rodent crosses 7 

Root, F. M. 96, 147, 150 

Root-rot disease 309, 314 

Rosaceae 443, 445 

Rosenberg, O. 436, 464, 485 

Rosendahl, C. O. 417 

Roux 234 

Sampling 490 

Sand cherry 420, 480 

Saunders, E. R. 247, 310, 335, 340 

Secale 472 

Secondary factors 7, 356, 362, 363 
Second male nucleus 382 
Second moment 209, 211 
Seed 263, 309, 314, 364, 392, 444, 445, 
456-458, 467, 469, 488 
Seedless grapes 469, 485 
Segregation 261, 317, 379, 4io 
Maize 364, 365, 368, 375-377, 380-382, 
391, 393 
Plum 477 
Rice 7 

Silkworm 398, 401, 405, 406, 408, 410 
Tobacco 4, 316, 317, 330, 334, 337, 339 
Wheat 30, 56, 62, 79, 91 
Selection 151, 174, 179-181, 207, 220, 221, 
392 

Among sexually reproducing organisms 
142, 143 

Arcella no, 113, 123, 124 
Based on past performance 114, 123, 135, 
148 

Beans 4, 5 
Buckwheat 558 

Drosophila 6, 7, 219, 223, 241, 300 

Lemna 151, 182 

Lens esculenta 4, 6 

Maize 364-393 

Oats 6 

Peas 5, 7 

Protozoa 147 

Rats 7 

Rice 7 

Soy beans 6 

Tobacco 308, 309, 339, 355 
Wheat 15, 45 
White mustard 6 
Selection of gametes 348 
Selection of genes 348, 354 
Selective elimination 348 
Selective fertilization 260, 349, 350, 352, 
354, 355, 603 

Self-colored seeds 6, 263, 264, 269, 271-274 
Self-fertility 341, 343, 344, 475 
A simple Mendelian dominant 475 
Two-factor difference between self-fertility 
and self-sterility 344 

Self-fertilization 6, 362, 374, 391, 392, 538 
Self-incompatibility (see also self-sterility) 
352, 475, 476 
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Self-pollination 268-274, 349, 362, 418, 420, 

4^2 4 '?^, 4 'J 4 , 47 ^ 

Self-sterile 'plants 34i~34S» 348, 350, 352, 
355 , 356, 361 

Self-stenlity 341 - 34 ( 5 “ 356-363 
Nicotiana 342 - 345 , 348 - 354 , 356-363, 53 i 
Plum 418 , 420, 433, 442, 462, 469, 471, 
472, 474 , 476, 478 
Reseda 341 

Tobacc^ 341 , 343-346, 348, 356 , 361 
Semi-sterile hybrids 25 
Separation of coupled factors (see crossing 
over) 209 

Sex 236, 252, 254,259,498 
Sex chromosomes 200, 235, 248, 282, 517, 
520, 521 

Sex determination 2SI-260 
Sex-differentiating factor 194 
Sex-limited characters 276, 285, 292, 303 
Sex-linked characters 183 , 191, 194, 234, 

235, 527, 529, 531, 604 
Drosophila 527, 5 29, 53 1 
Pigeon 183-203 

Sex ratio 193, 196-197, 201, 251-253, 254, 
257-260 
Drosophila 503 
Guinea-pig 604, 605 
Pigeons 193, 195-197, 201 
White-fly 251-253, 254, 259, 260 
Sextiles 491, 492 
Shamel, a. D. 309, 332, 340 
Shape of fruits, variability in 536 
Shell-less Protozoa 99 
Sheppard 209, 21 1 
Short style, Primula 237 
Shull, A. F. 251 , 252, 260 
Shull, G. H. 3, 93 , 310, 334, 340, 413, 4^5 
Sibs, correlation between 496 
Sibship 489 

Silkworms (Bombyx) 236, 395 , 401, 414 
Artificial methods of hatching eggs 396 
Back-crosses 398, 401, 403, 405, 414 
Blood color 395 , 396, 408 
Cocoon color 395 , 396 
Cocoons 397, 399, 402, 407, 408, 413, 414 
Races 
Josai 396 
Onodsmime, 396 
Seiyo 396 
Shoko 396 

Shozan 396, 413, 4^4 
Simpaku 396 
Tobuhime 396 
Silk-gland 408 , 409, 414 
White-blooded 395 
White cocoon 395, 396, 402 
Yellow-blooded 395, 396 
Yellow cocoon 395, 396 
Sinapis alba 6 

Size, acquired, non-heritable 181, 182 
Size inheritance 
Arcella 97, 124 , 127 
Lemna 173 , 174 
Tobacco 308-310, 325 
Wheat 31-57-92 


Size of litter, guinea-pigs 603, 604 
Size variation 
Arcella 102 , 127 
Lemna 158 , 172 
Skew curves 68 

Smalley, F. W. 189, 190, 191, 201 
Soja bean 5, 6 
Somatic mutation 374 
Spatial arrangement of genes 347, 348 
Species crosses 354 
Nicotiana 342, 343 

Plums 420, 422, 430, 440, 441, 446, 457, 
465, 467, 483, 484, 486 
Wheat 53 

Spontaneous variations (see also mutations) 
6 

Stable hereditary units 392 
Stamen dehiscence 442^ 

Standard deviations, distribution of 20 
Drosophila 209, 21 1, 213, 230, 240 
Lemna 171, 173 

Wheat 9-14, 16, 18, 20, 23, 24, 27-30, 37, 
58 

Staples-Browne, R. 190, 191, 194, 201 
Starvation, effect on habit of Fagopyrum 
575 , 580, 584 

Stature (see also height and size) 497 
Sterility (see also self-sterility) 341 , 346 , 
356 , 361 

Drosophila 304, 5OI-503, 505-510, 513, 
S14, 520-525, 527, 529, 531, 532 
Effect of dioeciousness on 467 
Embryo abortion 472 
Impotence 472 
Incompatibility 472, 481 
Intra-specific ^1 

Plum 417 , 419, 421 , 442 , 460, 462 , 465, 
467, 471 , 472, 475-478, 481 
Velvet beans 355 
Wheat 20, 25 
Stevens, N. M. 234, 249 ^ 

Stimulus of heterozygosis (see heterosis) 
330, 338 

Stocks (Matthiola) 310, 439 
Stoll, N. R. 251-260 
Stout, A. B. 335, 340^ 472-476, 4 ^S^ 4^7 
Strawberry (Fragaria) 426, 428 
Slreptopelia risoria 185 
Strong, R. M. 185, 194, 201 
Struggle for existence 458 
Sturtevant, a. H. 209, 214, 235, 237, 
239, 240, 249 » 37 h 392, 393 f S22, 523, 
524, 533 ^ ^ 

Sturtevant, E. L. 393 
Stylonychia 147 
Subsidiary factors 345 
Subspecies 4 

Suckers 307, 309, 3 “, 3 i 7 , 320, 324-326, 
330, 332-334, 338, 339 
Sunflower (Helianthus) 310 
Supernumerary carpels 537, 539 , 583 
Supernumerary stigmas 559 
Suppression factor for variability 55, 56, 

88, 91 

Surface, F. M. 214, 249 
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Sutton, Ida 418, 476, 48^ 

Sutton, W. S. 234, 250 
Sweet cherries (Frunus Cerasus) 418, 460 
Sweet pea (Latkyrus odoratus) 235, 236 
Swingle, L. 2 

Synanthy 542, 562, 564, 582, 584 
Synapsis 423, 424, Si 7 » SiQ, S20 
Syncarpy in buckwheat 541, 548, 584 
Tammes, Tine 559, 560, 586 
Tanaka, Y, 250, 385, 409, 415 
Technique 

Comparing F3 variability with F2 ii 
Computation of constants 209 
Culture 
Arcella 97 
Buckwheat 574, 575 
Drosophila 206 , 207, 218, 219 
Lemna minor 159-161, 180, 181 
White fly 253 

Cytological technique, plum 421 
Hatching eg^s of silkworms 396, 397 
Keeping pedigrees 98, 100 
Measuring and weighing, tobacco 316 
Preservation of specimens, Arcella 101 
Recording position on plant, buckwheat 
561 

Tegetmeier 185 

Terry, R. J. 596 

Theories of heredity 489 

Thielavia root-rot disease, resistance to 309 

Thomas, N. 248 

Thorndike, Edward L. 489, 490, 492, 493 
498 

Thrips 252 
Thysanoptera 251 
Tice, S. C. 533 
Time of flowering 320, 338, 339 
Relation to position of buds 567 
Tischler, G. 433, 436, 464, 487 
Tobacco (see Nicotiana) 307-340 
Branching habit 307 , 340 
Breadth-index 333 
Catacorolla 324 
Dwarf ^24, 335 
Fasciation 324 
Flower size 349 

Height 311, 312, 316, 336, 339, 349 
Leaf number 308, 310-31?, 314, 334i 338, 
339 

Leaf shape 308, 310, 333, 338, 339 
Leaf size 308, 310-312, 316, 319, 338, 339, 
349 

Little Dutch-Cuban cross 313-315, 317, 
319-324, 326-329, 331, 336, 338, 339 
Morphological monstrosity 339 
Mutations 316, 335, 337 
New character 338, 339 
Number of suckers 316, 317 , 320, 324, 
325 » 330, 332, 333 . 338 
Production of non-suckering types 309 
Quantitative characters 307, 339 
Time of flowering 320, 338, 339 
To]5ping 308 

Weight of suckers 325 , 330-333, 338 
Tortoise-shell guinea-pig 598-606 
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Toyama, K. 395, 409, 415 
Transmission of characters 535 
Transposition 304 

Traumatic stimulation 552, 568, 573 . 
Trialeurodes vaporariorum (see white-fly) 
253 , 254 , 259, 260 
Tricolor inheritance 597-606 
Trifolium pratense quinquefolium 535, 559^ 
Triple allelomorphic series in guinea-pigs 

597-606 

Triticum compactum 7 
Trow, A. H. 235, 237, 238, 250 
Twins 489 , 495, 499 
Cephalic index 494 
Fraternal correlation 496, 497 
Genesis 489 , 497, 499 
Gradations of similarity 493 
Head size 494 
Height 494 

Identical 489, 495, 497, 498 
Inheritance of tendency to twinning 498, 
499 

Proportion of identical twins 498 
Resemblance 489, 490, 493 
Sex 498 

Variation in a twinship 489 
Uda, H. 395 
Unit character 476 
Unlike reciprocal hybrids 263 
Valleau, W. D. 417, 426, 429, 433, 464, 
467, 472, 

Variable-force hypothesis of crossing over 
247 

Variability 

Hybrids ii, 15, 38, 45, 58, 77 
Physiological characters 214 
Plant populations ii 
Quantitative characters 88 
Suppressing factor 55-57, 88, 91 
Variance in twins 496 
Variation 

Buckwheat 536, 537, 539, 544. S 5 i, 557 , 

58s 

Clonal 164, 169, 170 
Constants 214 
Continuous 334, 379 
J^istribution 158 

Drosophila 205, 207, 210, 211 , 213, 214 , 
220, 222, 240, 241, 247 
Factors affecting 160 
Fowl 591, 592, 596 
Hybrids 69 
Lemna I5I-182 

Maize 261, 368, 374, 377, 379, 385 

Pigeons 187 

Plums 438, 468 

Silkworms 399 

Somatic 163, 164, 181 

Tartary buckwho ^34-586 

Tobacco 309, 324, JM. 

Vetch 6 “ ' \ 

Wheat 12, 13, 16, 23 - 3 o.\ 37 , 4ii 45 . 46, 
.55. 63, 7i. 77. 88, 90, 92 

Variegated ears of m^iise 414 
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Varieties, ever-sporting 535, 547, 554, S 58 , 
560, 571, 574 
Vanety crosses 

Maize 375, 376, 381, 388, 392, 393 
Plum 440, 460-462 
Wheat 14, 22, 31, 81 
Varying dominance 416 
Vegetative reproduction, heredity and varia- 
ticui in 95 

Vegetative vigor in hybrids (see also hetero- 
sis) 92 

Velvet bean (Stizolobium) 355 
Veronica agrestis sjs, S6o 
Veronica Buxbaumti 554 
Veronica Tournefortii 560 
Viability of the zygote 603 
Viable and non-viable seed 467 
Vigor 559 

Hybrid (see also heterosis) 53, 58, 92 
Vitis 433, 436, 469 
Vitis vinifera 469 
Waite, M. B. 418, 419, 469, 487 
Wakuey,* Thomas 498, 4gg 
Waugh, F. A. 418-420, 437, 446, 448, 453, 
454 , 458, 46s, 472, 487 
Webber, H. J, 310, 334, 335, 340, 364, 540 
586 

Webbing 592, 593 
Weber, C. 0 . 539, 586 
Weighted means 230 

Wci^t o^suckers in tobacco 325 , 330-333 
Weismann 234 
Weldon, W. F. R. 250 
Wheat 

Coefficient of variation 4, 9, 11-13, 34- 
92' 

Crosses 7, 14, 22, 25, 31, 39, 43, 48, 53, 
54, 56, 57, 68, 81 

Environic modifications 12, 46, 50, 63 
Extreme extension of range of variability 
in crosses 27 
Filiform leaves 73 
Height factors ii, 37, 41, 44 
Heights of hybrids 31 - 57 , 84 
Heredity of quantitative characters 1- 
93 

Hybrid cultures 11-14, 28-34, 4 < 5 , 41, 45, 
48, 49 , 55 , 58, 69, 73, 83, 84, 87 • 
Increase in homozygosity 62 
Increased variability 24 
Influence of heterozygosity 57 
Leaf width 57-92 

Macaroni-bread-wheat crosses 31, 79, 88, 

91, 92, 

Mass culture 9 
Measure of variability 13 
Number of factors in leaf width 92 
Nutritional variations of a pure line 68 
Partial blending inheritance 29 


Wheat (continued) 

Partial sterility 2, 25 
Physiological inferfereSace 7 
Physiological lidtitation of growth 88 
Prpgressive increase in homozygosity 62 
Pure variety 88 

Range of variabfiity in hybrids 27 

Ranges of hybrid populations 49 

R combination producing variability 12 

R duced vigor ii .*ybrids 53 

Results of crossing 4 

Segregation, coq^ nuous 3 

Size factors 7, 13 1 

Statistical cons! 5 10 

Time of heading i4-3i 

Variability of quantitative characters 88 

Variable pure cul' '•es 69 

Variation behavic 7 

Variation due to Mtrition 60, 68 

Varieties 8, 9 

Algerian macaroni 8, 14 , 31 , 37 , 43 , 
57 , 68 

Algerian red bread 8, 22 , 43 , 46 , 68, 
77 , 81 

Early Baart 8, 22 , 46, 81 

Sonora 8, 14 , 31 , 37 , 57 , 77 
Whipple, O. B. 458, 487 
White fly (Trialeurodes) 251 , 253, 260 
American strains 251 
Chromosome numl^r 252 
English strain 251 
Female 256, 258, 259, 360 
Females that ma^e 251, 252, 255 , 256 
Mating observed 256 
Methods of culturing 253 
Offspring of females that mate 251, 255 
Offspring of virgin females 251, 254, 255 ‘ ' 
Parthenogenetic eggs 251, 252, 259, 260 
Phototropism 253 
Sex determination 251 - 26 o 
Sex-ratio in random collections 253 , 254, 
258, 259 

Spermatheca 252, 257 
Unfertilized eggs 251, 254, 256, 259 
Wild collections 253 
White Leghorn 588 
Width of leaf S7-B7-^2 
Williams, C. B. 251-254, 259, 260 
Wilson, E. B. 234, 240, 250 
Wright, Sewall 261, 262, 274 
Y chromosome, structure and formation of 

531 

Yellow mice 346, 603 

Yule, G. Udney 235 

Zea mays (see also maize) 366, 574 

Zea mays amyleasacckarata 371 

ZiNN, J. 534 . 

Zygotes, non-viability of a class of 603 
Zygotic classes (phenotypes) 271, 272 
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